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3ABSTRACT
The erythrocyte has been used extensively as a
model system to study a wide variety of membrane transport
processes. There is, however, relatively little published
information regarding amino acid permeation in red blood
cells. This Thesis describes an investigation of the
kinetic properties, genetic control and biochemical
functions of amino acid transport in equine erythrocytes.
Red cells from some thoroughbred horses (E uus
caballus) (amino acid-permeable phenotype) were shown to
exhibit Na-independent saturable amino acid transport
selective for small neutral amino acids of intermediate
size (designated system asc). Two allelic variants of this
transporter were identified. One was a novel carrier
(system asci) with an apparent KM value for L-alanine in
the physiological range. The other (system asc2) was a low
affinity transporter equivalent to the sheep erythrocyte
system C. In addition, carrier function was shown to be
absent from erythrocytes of approximately 30% of
thoroughbred horses (amino acid-impermeable phenotype),
these animals being homozygous for a silent allele. The
three co-dominant alleles at the asc locus (asch, asc1 and
asc8) were responsible for a 125-fold variation in L-
alanine permeability (0.2mM, 370C) in erythrocytes from
different thoroughbred horses. System asc1 was also shown
to be present in erythrocytes from Przewalski's horse (E.
przewalskifl. L-Alanine transport in red cells from a
4number of other equine breeds and species was also studied,
the variation in permeability (02.mM, 37°C) covering three
orders of magnitude.
The kinetic differences between systems asc and
asc2 were expressed at physiological temperature, but not
at 5°C and were attributed to a temperature-sensitive
difference in mobilities of the empty carriers.
Dibasic amino acids were also shown to be
transported by systems asc1 and asc 2 L-Arginine had a
similar apparent Km value as L-alanine for system asc, but
a 77-fold lower V. The interactions of dibasic amino
acids with the horse erythrocyte amino acid transporters
suggests functional (and structural) similarities with
system ASC, a Na-dependent carrier found in human
erythrocytes and a wide variety of other tissues. It is
envisaged that systems asci and asc2 are Na-independent
variants of system ASC, which have retained modified or
residual Na-binding sites still capable of functionally
interacting with the positively charged side-chains of
dibasic amino acids. Radiation inactivation analysis of
system asc in intact erythrocytes from Przewalski's horse
gave an in situ target size of 157,500 for the transport
function.
Physiologically, amino acid transport deficiency
was found to predispose erythrocytes to partial glutathione
deficiency. There was a positive correlation between the
degree of transport deficiency and the intracellular
glutathione level. A second, independently inherited
5enzyme lesion (arginase) was found in horse erythrocytes.
This enzyme deficiency resulted in the intracellular
accumulation of arginine. It is likely that the arginase
locus exerts a-pleiotropic effect on system asc activity,
arginine acting as an endogenous modulator of the
transporter.
Studies of amino acid transport by fish
erythrocytes demonstrated the ability of these cells to
regulate transport activity in response to changes in cell
volume.
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Amino acids, the building-blocks of proteins,
participate in a wide range of biochemical processes. As a
consequence, there has been considerable interest in the
mechanisms by which these molecules cross cell membranes
and kinetic studies have identified a number of
functionally distinct amino acid transport systems in a
variety of tissues and cell types, including erythrocytes
(Christensen, 1984). However, the molecular mechanisms and
regulation of these translocation processes remain poorly
understood.
The mammalian erythrocyte has long been recognised
as an ideal model system for the study of membrane
transport (see Ellory and Lew, 1977 for examples). In
1983, it was found that erythrocytes from thoroughbred
horses exhibit considerable variation in their permeability
towards amino acids (D.A. Fincham, M. Phil. Thesis). The
transport polymorphism was associated with a deletion of
carrier-mediated transport activity from the erythrocytes
of some animals, a phenomenon similar to that` described
previously in sheep erythrocytes (Young, Ellory and Tucker,
1975a). Amino acid transport-deficiency in this species
results in abnormally low erythrocyte glutathione (GSH)
levels and a decreased cell potential life-span.
The primary objective of the investigation
described in this Thesis was to undertake a detailed
characterisation of the kinetic properties and genetic
control of amino acid transport variation in horse
2erythrocytes. The results obtained are discussed in the
context of possible functional, structural and evolutionary
relationships between different erythrocyte amino acid
transporters.-
The majority of the present Chapter is a review of
the amino acid transport literature relevant to the
direction and scope of this. Thesis. In particular,
available information on the kinetics, genetic control and
physiological significance of amino acid transport in
erythrocytes is presented and discussed in detail. The
Chapter continues with an outline of the specific
objectives of the project, ending with a brief account of
the organisation of the remainder of the Thesis.
1.2 RED CELL AMINO ACID TRANSPORT
Mammalian erythrocytes do not contain nuclei or
the machinery to synthesise protein. Nor do they possess
mitochondria or a functional urea cycle. With no obvious
amino acid requirement, amino acid transport in these cells
has often been dismissed as an unimportant functional relic
of the earlier stages of erythrocyte development. As a
result, published studies of erythrocyte amino acid
transport are limited in both number and scope. This
contrasts with the obvious physiological role of, for
example, glucose transport in erythrocytes, upon which
there is an extensive literature. However, recent
investigations of genetically controlled amino acid
3transport variation have established a role for plasma
amino acids in erythrocyte GSH biosynthesis. This may be
considered as vital for cell viability as the availability
of glucose for preserving adenosine triphosphate (ATP)
levels. The possibility that amino acid availability may
directly influence red cell GSH concentrations has brought
about a renewed interest in the field of erythrocyte amino
acid transport research and is a major topic of this
General Introduction.
1.2.1 Defective erythrocyte amino acid transport as a
cause of GSH deficiency
GSH, a tripeptide of glutamate, cysteine and
glycine, is synthesised in two sequential ATP-dependent
steps catalysed by gamma-glutamyl cysteine synthetase (GC-
S) and glutathione synthetase (GSH-S)(Fig. 1.1). Thus,
glutamate and cysteine are first converted to the dipeptide
precursor of GSH, gamma-glutamyl cysteine (GC). Glycine is
then incorporated by the second enzyme of biosynthesis to
form the tripeptide (Majerus, Brauner, Smith and Minnich,
1971 Minnich, Smith, Brauner and Majerus, 1971).
The enzymatic capacity of erythrocytes for GSH
biosynthesis is approximately 200-fold in excess of
observed in vivo rates of GSH turnover, suggesting that the
enzymes of GSH biosynthesis operate in vivo at well below
their maximum capacities (Young and Tucker, 1983). Control
of erythrocyte GSH biosynthesis is thought to involve
substrate availability, feedback inhibition of GC-S by GSH
Fia. 1.1 Glutathione aetaboliaa.
1, gamma-glutamyl cysteine synthetase
2, glutathione synthetase 3, glutathione peroxidase
4, glutathione reductase 5, GSSG transport system
6, gamma-glutamyl cyclotransferase 7, 5-
oxoprolinase 8, GSSG degradation
4and competition for available GC between GSH-S and gamma-
glutamyl cyclotransferase, an enzyme which converts GC to
glutamate and 5-oxoproline. Of these, substrate
availability is the most important. In human erythrocytes,
cysteine and glutamate concentrations (S) are estimated to
be in the region 0.014 and 0.22mM, respectively (Levy and
Barkin, 1971) while their apparent K m values for GC-S are
0.3 and 2.2mM, respectively (Majerus et al. 1971) giving
rise to S: (Km+ S) values of 0.04 and 0.09. Similarly, S:
(Km+ S) estimates for normal sheep erythrocytes are 0.04
and 0.05 for cysteine and glutamate, respectively (Smith,
1973). Thus, the intracellular availability of these two
amino acids severely restricts the activity of GC-S.
Glycine availability has a significant but less marked
effect on GSH-S activity (S: ( Km+ S) values of 0.42 and
0.61 for human and sheep erythrocytes, respectively).
Since the original description by Smith and Osburn
(1967) of an inherited deficiency of GSH in the
erythrocytes of some sheep, two distinct types of GSH
deficiency in this species have been identified. One type
occurs predominantly in the red cells of the Tasmanian
Merino breed (Merino), the other is found most commonly in
animals of the Finnish Landrace breed (Finn)(Tucker and
Kilgour, 1970, 1972; Tucker, Kilgour and Young, 1976). The
biochemical lesions responsible for the Merino and Finn GSH
deficiencies are a diminished activity of GC-S and
defective amino acid transport across the erythrocyte
5membrane, respectively (Young and Nimmo, 1975 Young,
Ellory and Tucker 1975a 1976 Tucker et al. 1976). A
detailed comparison of the two types of GSH deficiency are
shown in Table1.1. The lesion most pertinent to this
Thesis is the Finn-type.
Sheep of the Finnish Landrace breed can be divided
into two distinct types on the basis of erythrocyte GSH
levels: those with normal GSH concentrations (2.0- 3.5
mmol/l. cells, high-GSH type) and those with partial GSH
deficiency (0.7- 1.5 mmol/l. cells, low-GSH type)(Tucker
and Kilgour, 1970 Young, Nimmo and Hall, 1974, 1975b).
The breed frequency of amino acid transport deficiency is
approximately 20%, and genetic studies have established
that low-GSH is inherited as a simple Mendelian recessive
(Tucker and Kilgour, 1970 Tucker et al. 1976). The same
lesion is found in other sheep breeds, but with a much
lower frequency. Erythrocytes from low-GSH type Finn sheep
are characterised by a selective low permeability to L-
alanine, L-alpha-amino-n-butyrate, L-cysteine and L-serine
(ratio high-GSH type: low-GSH type 64, 13, 7 and 8,
respectively at an extracellular amino acid concentration
of 0.2mM, 37°C), and to a lesser extent glycine (2.0), L-
proline (1.5), D-alanine (2.7), L-valine (3.5), L-threonine
(2.7), L-lysine (3.1), L-ornithine (3.9) and L-asparagine
(2.8) (permeability ratios in parentheses)(Young et al.
1976). Uptake rates for L-leucine, L-isoleucine, L-
methionine, L-phenylalanine, L-tyrosine, L-histidine, L-
arginine, L-cystine and L-glutamine were the same for both
TABLE 1.1 Comparison of erythrocyte glutathione deficiencies in Finnish Landrace and Tasmanian Merino
sheep (cont'd)




Heinz bodies Elevated (8%) Usually normal (2%)
Osmotic fragility Normal or moderately increased Decreased
Sensitivity to immune lysis Increased Normal
Sensitivity to selenite-or Decreased Decreased
tellurite-induced haemolysis
Susceptibility to oxidative stress Increased Normal or moderately
increased
Frequency of GSH deficiency in breed 19% 46%
Inheritance low-GSH recessive low-GSH dominant
Biochemical lesion Defective amino acid transport Diminished activity of
GC-S
GSH, reduced glutathione GSSG, oxidised glutathione GC-S, gamma-glutamyl cysteine synthetase. See text
for references. From Young and Tucker (1983).
TABLE 1.1 Comparison of erythrocyte glutathione deficiencies in Finnish Landrace and Tasmanian Merino
sheep
Finnish Landrace Tasmanian Merino
Erythrocyte [QSH] mmol1. cells
(% of normal value)
1.1 (35%) 1.1 (35%)
Erythrocyte [QSSG] umol1. cells
(% of normal value)
2.2 (30%) 2.9 (25%)
Redox potential of GSH:GSSG couple
(volts)
- 0.224 - 0.211
Difference In redox potential between
normal and GSH-deficient cells
(high-GSH- low-GSH, volts)
- 0.016 - 0.019
Tissue [GSH]
(lens, liver, kidney, muscle)
Normal Normal
Reticulocyte [GSH] Normal Normal
Erythrocyte [GSH]
as a function of cell age
Decrease No change
Erythrocyte [dibasic amino acids] Elevated (14 mmol1. cells) Normal (0.5 mmol1. cells)
Erythrocyte [Na+ K+] Diminished (by 20 meq1. cells) Normal
Erythrocyte potential life-span Decreased by up to 60 days Within normal range
(cont1d)
6cell types. Neither cell type transported L-glutamate to
any significant extent. These data, together with
comparisons of the absolute rates of amino acid transport
in the two' cell types suggested that hi gh-GSH sheep
erythrocytes possessed a stereospecific transporter
selective for neutral amino acids of intermediate size and
that this system was functionally absent from low-GSH Finn
type cells.
The presence of such a system (designated system
C) was confirmed by detailed kinetic and substrate
specificity studies of transport in the two types of sheep
erythrocyte (Young et al. 1976; Young and Ellory, 1977a).
The functional absence of this carrier from GSH-deficient
erythrocytes and the resulting diminished availability of
cysteine for GSH biosynthesis is the presumed cause of GSH
deficiency in low-GSH type animals of the Finnish Landrace
breed. Cystine transport by sheep cells is slow, with no
detectable difference in the permeability between normal
and GSH-deficient erythrocytes, suggesting that it is not a
major GSH precursor. Glycine, another constituent amino
acid of GSH, is also a substrate for the system C
transporter (Young et al. 1976; Young and Ellory, 1977a)
and there is a significant glycine permeability difference
between the two cell types (see above). However, this
difference is relatively small and GSH-deficient cells have
been shown to have similar intracellular glycine
concentrations to normal erythrocytes (Ellory, Tucker and
7Deverson, 1972 Rabenstein, Young, Wolowyk, Razi, Arnold
and Tucker, 1985). It is, therefore, unlikely that the
lower glycine permeability of transport-deficient cells
contributes significantly to their GSH deficiency.
Glutamate transport Is considered separately in section
1.3.
Transport-deficient (low-GSH) Finn erythrocytes
were found to have normal activities of the enzymes of GSH
biosynthesis. In contrast, GSH-deficient Merino cells had
a partial deficiency of GC-S, but normal amino acid
transport activity (Young and Nimmo, 1975; Young et al.
1975a; Tucker et al. 1976). The finding that Merino GSH-
deficient erythrocytes have similar GSH concentrations and
GSH:GSSG redox potentials to those of Finn GSH-deficient
cells strongly suggests that defective amino acid transport
is not a secondary consequence of low GSH (Young et al.
1975b).
A membrane transport lesion in Finn GSH-deficient
erythrocytes was also suggested by the finding of very high
intracellular concentrations of a number of amino acids in
these erythrocytes, particularly ornithine and lysine
(Ellory, et al. 1972). These amino acids do not accumulate
in Merino GSH-deficient cells with GC-S deficiency. Since
L-ornithine and L-lysine are substrates of system C (Young
and Ellory, 1977a; Young, Jones and Ellory, 1980) it is
likely that the high intracellular levels of these amino
acids are also a consequence of defective amino acid
transport. This being the case, the question arises as to
8the origin of these accumulated amino acids. The most
likely possibility is that they are products of the
substantial protein degradation which occurs during
reticulocyte' maturation (Rapoport, Rosenthal, Schewe,
Schultze and Miller, 1974). One difficulty with this
proposal is that ornithine is a non-protein amino acid.
However transport-deficient erythrocytes that are also
arginase-deficient (Wright, Young, Mangan and Tucker, 1977
Young and Wright, 1977) accumulate arginine in place of
ornithine. Thus, the ornithine normally encountered in
transport-deficient erythrocytes is derived from arginine,
an amino acid which is found in proteins (Tucker, Wright
and Young, 1977). Further support for this proposal comes
from the finding that in vitro maturation of reticulocytes
from sheep with the transport lesion is associated with the
progressive intracellular accumulation of dibasic amino
acids (Tucker and Young, 1980). No accumulation occurs in
cells from normal sheep.
An alternative, although not mutually exclusive
explanation for the high amino acid concentrations in amino
acid transport-deficient erythrocytes is the possible
presence of peptide transport systems in the membrane.
Using an indirect nuclear magnetic resonance (NMR)
technique, it has been reported that human erythrocytes
possess rapid, saturable glycyl-glycine and glycyl-L-
proline transport systems (King, York, Chapman and Kuchel,
1983 King and Kuchel, 1984). The transport rates of the
9dipeptides were inferred to be much greater than that of
free glycine and L-proline. It is therefore possible that
erythrocytes, with their high cytosolic peptidase activity
(Pontremoli, Milloni, Salamino, Speratore, Michetti,
Benatti, Morelli and de Flora, 1980), function as peptide
scavengers, the amino acid transporter(s) present in the
red cell membrane enabling efflux of the free amino acids
produced by intracellular peptide hydrolysis. The lack of
functional amino acid transporters in transport-deficient
erythrocytes would be predicted to lead to the
intracellular accumulation of such amino acids.
Thus, the system C amino acid transporter may
facilitate the efflux of amino acids generated during
reticulocyte maturation and/or peptide hydrolysis, a route
not available to transport-deficient erythrocytes. Tucker
and Young (1980) also found that reticulocytes from normal
and transport-deficient sheep have similar L-alanine
transport activities. This contrasts with the 60 to 70-
fold difference in L-alanine permeability between mature
erythrocytes of the two types of sheep. The amino acid
transport lesion is therefore not expressed in
reticulocytes.
A further difference between reticulocytes and
mature cells is that alanine transport in reticulocytes is
largely Na-dependent (Tucker and Young, 1980) whereas
system C does not require Na+ for activity (Young et al.
1976). Reticulocyte maturation in culture is associated
with a decline in transport activity, the loss of Na-
10
dependence, the expression of the transport polymorphism
and an eight-fold drop in GSH concentration. In contrast
to the situation in reticulocytes, the amino acid transport
lesion is present in foetal erythrocytes obtained from new-
born lambs (Young, Tucker and Ellory, 1978). However, the
absolute uptake rates are slightly higher in foetal cells
compared to mature cells of the two transport phenotypes
and the resulting GSH concentration in transport-deficient
foetal cells is only 28% lower than that of normal foetal
sheep erythrocytes (compared with the three-fold difference
seen in adult cells).
Studies of naturally occurring sheep chimaeras
have identified animals with mixed populations of normal
and transport-deficient erythrocytes (Tucker and Young,
1985). Since the two cell types can co-exist in the same
animal, the possibility that plasma or other humoral
factors modulate the expression of the two phenotypes can
be eliminated. Moreover, the biochemical consequences of
the amino acid transport defect (accumulation of dibasic
amino acids and lowering of GSH levels) were also expressed
in the transport-deficient cell population. This study
provides evidence that all the above biochemical
manifestations stem from the one genetic mutation.
GSH levels in Finnish Landrace sheep behave as if
controlled by two autosomal genes, with low-GSH recessive
to high-GSH (Tucker and Kilgour, 1970; Tucker et al. 1976).
Subsequent investigations of amino acid transport activity
11
by Young , Tucker and Kilgour ( 1982 ) further clarified the
inheritance of this biochemical lesion . High - GSH type
sheep were clearly divisible into two distinct groups on
the basis of their L - alanine transport activities : one
group having activities in the range 90 - 180 umof / l . cells
per h ( extracellularamino - acid concentration0 . 2 mM , 37 ° C ) ,
the other with activities in the range 190 - 360 umol / l .
cells per h . GSH - deficient erythrocytes showed
characteristicvery low transport activity ( 15 umol / l .
cells per h ) . Inheritance data identified animals with
intermediate amino acid transport activities as
heterozygotes . Thus , amino acid transport activity behaves
as if controlled by . two co - dominant autosomal alleles
( designatedTr H and Trh ) . Therefore, low - GSH type sheep
are homozygousfor the Trh gene , while high - GSH type
animals are either heterozygousor homozygous for the Tr H
gene . Erythrocytesfrom heterozygoussheep ( Tr H , - Trh ) had
a mean GSH concentration16 % less than cells from ( Tr H ,
Tr H ) animals , emphasising the functional relationship
between amino acid transport activity and intracellular GSH
concentration . No significant accumulation of dibasic
amino acids occurs in heterozygouscells ( Young et al .
1982 ) . Only transport - deficient cells contain elevated
amino acid levels .
Kinetic analysis of L - alanine transport activity
in erythrocytes of sheep of the three genotypes
demonstratedthat the difference between cells from ( Tr H ,
Trh ) and ( Tr H , Tr H ) animalswas due to a two - fold reduction
12
In V max ( 12 . 7 ± 0 . 6 , cf . 22 . 4 + 0 . 5 mmol/ l . cells per h
[ mean + SEM ( 4 ) ] ) with no significantaffect on apparentK
- m
( 19 . 1 ± 3 . 9 cf . 21 . 6 ± 1 . 2 mM ) ( Younget al . 1982) . Thus
it would appear that erythrocytemembranesfrom ( Tr H , Trh )
sheep possess approximately half the number of functional
system C transporter sites than are found in cells
homozygousfor the Tr H gene . - It is probable that the
residual uptake of L - alanine by low - GSH erythrocytes( which
is non - saturable ) represents uptake by a separate low
affinity transport route and / or simple diffusion of amino
acid through the lipid bilayer ( Young et al . 1976 ) . A
close genetic linkage between the C blood groups in sheep
and the Tr locus has been reported , transpsort - deficient
cells usually being homozygousfor the Cb gene ( Tucker ,
Evans and Kilgour , 1980 ) .
1 . 2 . 2 Biochemical and clinical consequencesof
erythrocyte GSH deficiency
Mammalian erythrocytes contain high concentrations
of GSH ( approximately3 mmol / l . cells ) , presumablyfor
maintaining haemoglobin and other red cell proteins in the
reduced state . GSH also plays a role in detoxificationby
reacting with hydrogen peroxide and organic peroxides .
Thus , upon oxidation , the highly reactive free thiol group
of the tripeptide forms a disulphide bond between the
cysteine sulphydryl groups of other GSH molecules ( and
possibly protein - glutathione mixed disulphides ) . The
13
oxidised form (GSSG) forms less than 0.1% of the total
glutathione of the cell. The low concentration of GSSG is
maintained by the action of glutathione reductase in
regenerating GSH from GSSG and by an active transport
mechanism in the erythrocyte membrane for the extrusion of
GSSG (Beutler, 1983). Therefore, the major role of GSH in
erythrocyte metabolism is thought to be the protection of
the cell against oxidative damage, the GSH:GSSG couple
acting as a redox buffering system. Evidence for this role
has arisen mainly from studies of human erythrocytes with a
variety of congenital deficiencies.
The genetic disorders of GSH metabolism that occur
in man, include deficiences of each of the enzymes of GSH
biosynthesis (Prins, Oort, Loos, Zurcher and Beckers, 1966
Boivin, 1968 Mohler, Majerus, Minnich, Hers and Garrick,
1970 Konrad, Richards, Valentine and Paglia, 1972
Richards, Cooper, Pearce, Cowan and Spurr, 1974 Boivin,
Galand and Schaison, 1978 Meister, 1978). Typically, all
tissues in the body are affected leading to widespread GSH
deficiency, although some cases of GSH-S deficiency appear
to be restricted to erythrocytes. Generalised GSH-S
deficiency is associated with 5-oxoprolinuria, an
overproduction of 5-oxoproline resulting from a diminished
feedback inhibition of GC-S by GSH (Jellum, Kluge,
Borresen, Stokke and Eldjarn, 1970 Hagenfeldt, Larsson and
Zetterstrom, 1974 Wellner, Sekura, Meister and Larsson,
1974 Larsson and Mattsson, 1976). As would be expected,
lack of tisue GSH leads to a variety of severe clinical
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symptoms, including neurological deterioration, ataxia,
mental retardation and abnormal psychomotor development.
Lack of red cell GSH is associatd with an increased
susceptibility to oxidative damage, leading in some cases
to haemolytic anaemia.
Inherited deficiencies of other enzymes associated
with the GSH:GSSG protective mechanism also occur in man.
A relatively common example is glucose-6-phosphate
dehydrogenase (G-6-PDH) deficiency (see Beutler, 1978).
The pentose phosphate pathway is the only source of NADPH
in the erythrocyte, so that a lack of G-6-PDH leads to a
diminished availability of this reduced co-factor. The
major role of NADPH in red cells is to reduce GSSG to GSH
(Fig. 1.1). This regeneration step is catalysed by
glutathione reductase and perturbation of the activity of
this enzyme may result from dietary riboflavin deficiency.
Erythrocytes with an inability to regenerate GSH from GSSG
exhibit partial GSH deficiency and a diminished capability
to protect themselves against oxidant stress. Deficiencies
of both the above enzymes are often associated with the
occurrence of haemolytic anaemia, especially noticeable
after exposure to oxidant drugs.
The synthesis of GSH from its constituent amino
acids and removal from the erythrocyte by a specific GSSG
transport mechanism results in a continuous requirement for
the GSH-precursor amino acids (Fig. 1.1). As detailed in
the preceding section, studies of the transport lesion in
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sheep erythrocytes have provided important evidence
implicating plasma amino acids in erythrocyte GSH
biosynthesis. Thus, GSH biosynthesis is limited by cstey ine
availability and-the amino acid requirements of the cells
are met, at least for cysteine, by transport from the
plasma. The low GSH concentrations in Merino sheep cells
with a diminished activity of GC-S demonstrates that GSH
biosynthesis is regulated further by the activity of this
enzyme, which is also subject to feedback inhibition by GSH
(Fig. 1.1). The half-life of GSH in normal sheep
erythrocytes has been estimated to be 11 days compared with
4 days for human erythrocytes (Smith, 1974). The massive
accumulation of amino acids in transport-deficient
erythrocytes suggests a second, previously unsuspected,
role of amino acid transport in these cells, namely the
removal of endogenous amino acids.
Until the present project, the sheep was the only
species other than man known to exhibit inherited GSH
deficiency. Low-GSH type Finn and Merino bloods generally
have normal haematocrits, haemoglobin levels and
reticulocyte counts (Tucker, Young and Crowley, 1981)(Table
1.1.). Erythrocytes from Merino sheep with the GC-S lesion
also have a normal potential life-span (Tucker, 1975),
demonstrating that the high intracellular GSH concentration
usually found in erythrocytes is substantially in excess of
that required, at least under normal circumstances. In
contrast, transport-deficient Finn cells have a markedly
diminished life-span (Tucker, 1974), despite having similar
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GSH concentrations and GSH:GSSG redox pot6ntials to GC-S-
deficient cells (Young et al. 1975b). These findings
indicate that the immediate integrity of the erythrocyte
can be maintained in normal situations by only little GSH.
Further, it would appear that the clinically abnormal
characteristics of sheep with the transport-lesion are not
due simply to the observed partial GSH deficiency. Amino
acid transport-deficient erythrocytes show evidence of
oxidative damage as judged by the presence of Heinz body
inclusions (Tucker and Kilgour, 1973 Tucker et al. 1981).
It is possible that a product of the transport lesion (such
as the accumulated amino acids) interferes with some aspect
of the GSH protective mechanism or potentiates endogenous
oxidative reactions. An alternative, but not mutually
exclusive, explanation has been considered by Young and
Tucker (1983). The GSH content of cells with the amino
acid transport lesion was found to decrease rapidly with
cell age. This drop in intracellular GSH was associated
with the appearance of Heinz bodies within the older cells,
presumably reflecting a progressive inability of transport-
deficient erythrocytes to protect themselves against
oxidative damage. Comparable experiments with normal or
GC-S-deficient cells showed no detectable decrease in GSH
concentration with increasing cell age. It therefore
appears that the lack of amino acid precursors in amino
acid transport-deficient. erythrocytes results in a
progressive decrease in GSH content, causing an age-related
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decrease in cell viability.
By selective crossing of Finnish Landrace and
Tasmanian Merino sheep, Tucker et al. (1976) were able to
produce sheep manifesting both types of deficiency. Such
sheep (termed double-low type) with defective amino acid
transport and GC-S deficiency have very low (six-fold lower
than normal) GSH concentrations. These levels (0.4 mmol/l.
cells) approach those found in cases of human GSH
deficiency. Such double-low animals hold considerable
potential for studies of erythrocyte GSH metabolism and its
disorders. One double-low sheep was found to have an
erythrocyte potential life-span of only 66 days compared to
a normal value of around 150 days (Tucker et al. 1981). It
is therefore clear that the presence of a functional amino
acid transporter in the erythrocyte membrane is important
for cell viability.
1.3 AMINO ACID TRANSPORT IN OTHER MAMMALIAN SPECIES
This review has so far been concerned primarily
with amino acid transport in sheep erythrocytes. There are
two reasons for this: first, sheep are novel in that they
are the only species (prior to the present project) known
to exhibit erythrocyte amino acid transport deficiency.
Comparisons of affected animals with normal sheep allowed
physiological aspects of erythrocyte amino acid transport
to be assessed. Secondly, the lesion permitted a detailed
kinetic characterisation of the carrier present in normal
cells. The presence of a single amino acid transporter in
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these cells allowed the system to be' studied without
interference from other systems with overlapping
specificities (see for example, Christensen, 1969).
Kinetic studies established that the sheep erythrocyte
amino acid transporter (system C was unlike any previously
described system (Christensen, 1975). The optimal
substrate specificity was for small neutral amino acids of
intermediate size with a low, but significant, affinity for
ornithine and lysine (Young and Ellory, 1977a). This
specificity profile resembled that of the widespread, Na-
dependent system ASC. The novel feature of system C was
its lack of Na-dependence.
In view of the importance of system C for normal
cell function it is surprising that recent investigations
of amino acid transport in human erythrocytes failed to
find system C activity. Instead, these cells have at least
five other functionally distinct amino acid transporters
(see Table 1.2): system ASC (Young et al. 1980 Al-Saleh
and Wheeler, 1982 Rosenberg, 1982 Young, Wolowyk, Jones
and Ellory, 1983), system G1y (Ellory, Jones and Young,
1981a Rosenberg, 1982), system L (Winter and Christensen,
1964 Hoare, 1972a,b Young et al. 1980 Rosenberg, 1981),
system T (Rosenberg, 1979, 1981 Rosenberg, Young and
Ellory, 1980) and system Ly+ (Gardner and Levy, 1972 Young
et al. 1980). Of these, system ASC is particularly
noteworthy in the context of erythrocyte GSH metabolism.
This transporter is a high affinity, low capacity system
TABLE 1.2 Amino acid transport systems identified in mammalian
erythrocytes
Ion
System Specificity dependence Species
- - - - - - - - - - - - - - - - - -
Gly Glycine, sarcosine Na+, C1 Human
ASC Alanine, serine, cystein Na+ Human
(low, but significant
affinity for glycine)
C Alanine, serine, cysteine Sheep
(low, but significant
affinity for disbasic
amino acids and glycine)
T Tryptophan, phenylalanine Human
L Leucine, phenylalanine, Human
ethionine, valine (low,
but significant affinity
for most other amino
acids)
Ly Ornithine, lysine, Human, cat,
arginine rabbit
Glu Glutamate, aspartate Na+ Dog, cat
Band 3 Glycine, serine, Human, sheep,
(anion-exchange cysteine, glutamate horse (pre-
transporter) sumably other
species?)
Peptide rGlycyl-glycine, glycly- Human (pre-
transporter sumably otherL-proline (other
dipeptides?) species?)
See text for references. Adapted from Young (1983).
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with apparent KM values of approximately20 M and 200 for
L - cysteine and L - alanine , respectively( compared with 14
and 20 mM , respectivelyfor the sheep system ci . These
values are close to physiological plasma concentrations of
these amino acids . As mentioned in the preceding paragraph ,
the substrate specificity of system C closely resembles
that of system ASC , but the latter is Na - dependentwhereas
the former is not . However , L - alanine transport in sheep
reticulocytesis Na - dependent , and it has been proposed
that system C represents a modified form of system ASC that
has lost its Na + requirement during reticulocyte maturation
( Young et al . 1976 , 1980 Young and Ellory 1977 a , b ) .
System L is a high capacity , medium affinity Na -
independent system with a specificity broadly directed
towards large neutral amino acids : Small neutral amino
acids , including cysteine , may be transported by this
route , but with a low affinity . Thus , cysteine transport
in human erythrocytes occurs through dual uptake by systems
ASC and L . However , the complexity of amino acid transport
in human erythrocytes is best illustrated by the influx of
glycine . Three of the amino acid transporters listed in
Table 1 . 2 ( Gly , ASC and ) contributeto the overall flux
of glycine ( Ellory et al . 1981 a ) . System Gly is notable in
that It requires both Na + and Cl for activity . In
addition , glycine is also transported by the erythrocyte
anion - exchange transport system ( Ellory et al . 1981 a
Young , Jones and Ellory , 1981 a ) . Evidencethat the anion -
exchange transporter contributes to glycine entry into
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human erythrocytescomes from anion competition , SITS ( 4 -
acetamido- 4 ' - isothiocyanato- stilbene- 2 , 2 ' - disulphonate) in -
hibition and pH - dependence studies . Although glycine is
a neutral amino acid , its isoelectricpoint at 250 C is 6 . 0 ,
so that at pH 7 . 4 a small fraction of moleculeswill be
negatively charged . It is this form of glycine which is
presumably carried by the anion - exchange transporter . This
uptake route also significantly contributes to glycine
entry into sheep ( Young et al . 1981 a ) and horse
erythrocytes( Chapter 4 ) . Notable among other amino acids
entering via this route is L - cysteine , although the
measured flux rate is small . Finally , there is a residual
unidentified low affinity component for glycine entry into
human erythrocytes . Thus , at physiological plasma glycine
. concentrations , at least five separate uptake routes
contribute to glycine transport . Cysteine and glycine
transport in human and sheep erythrocytes provides an
interesting example of different mechanisms having evolved
to fulfil the same physiological function , namely provision
of amino acids for GSH biosynthesis . Dibasic amino acid
transport provides another interesting example . In sheep
cells , dibasic amino acids are transported by system C .
Human erythrocytes , in contrast , possess a distinct dibasic
amino acid carrier system ( ) .
Of the constituent amino acids of GSH
biosynthesis, glutamate . is conspicuousin that it is not
significantly transported by sheep or human erythrocytes .
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It is possible that glutamate enters these red cells as L -
glutamine ( Hochberg , Rigbi and Dimant , 1964 Prins et al .
1966 Ellory and Osotimehin , 1983 Ellory , Preston ,
Osotimehinand Young , 1983 ) or as alpha - keto glutarate
( Sass , 1963 ) . As mentionedin Section 1 . 2 . 1 , peptide
transport may contribute significantly to amino acid uptake
in human erythrocytes . Thus , glutamyl peptides may
represent a possible source of glutamate for GSH
biosynthesis . In contrast , cat and dog erythrocytes are
relatively permeable to glutamate , uptake being mediated by
a specific Na - dependent acidic amino acid transporter ,
system Glu ( Ellory , Jones , Preston and Young , 1981 b ) . L -
Glutamate entering dog erythrocytes by this route is
incorporated into GSH , emphasising the functional role of
system Glu ( Fincham, Shi , Young and Willis , 1985 a ) . Dogs
that possess a functional Na - pump in their erythrocytes
show markedly increased Na - dependent L - glutamate transport
activities and a concomitantfive to seven - fold increase in
intracellular GSH concentration ( Maede , Kasai and
Taniguchi , 1982 Maede , Inaba and Taniguchi , 1983 Inaba
and Maede, 1984 ) .
1 . 4 AMINO ACID TRANSPORT IN RETICULOCYTES
An interesting feature of erythrocyte amino acid
transport is that the distribution of amino acid carriers
in the red cells of different species is highly variable .
Thus , the question arises as to the origin of these species
differences . Unlike mature mammalian red cells ,
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reticulocytes and earlier erythrocyte precursors have the
facility for a wide range of biochemical operations . There
is , therefore , a greater requirement for amino acid uptake
and reticulocytes show differences in amino acid transport
compared with mature cells .
Winter and Christensen ( 1965 ) compared the
transportof glycine , L - alanine , L - valine and L - leucine by
mature rabbit red cells with a reticulocyte - rich population
produced by treating animals with phenylhydrazine . While
L - leucine and L - valine fluxes were the same in both cell
populations , glycine and L - alanine transport in
reticulocytes seemed to involve three additional
concentrative , Na - dependent components not present in
mature red cells . Two of these systems appeared specific
for glycine and a third specific for L - alanine . Benderoff ,
Johnstone and Blostein ( 1978 ) have reported the presence of
electrogenic glycine transport in sheep reticulocytes and
as mentioned previously , sheep reticulocytes but not mature
sheep erythrocytes exhibit Na - dependent L - alanine uptake
( Young and Tucker , 1980 ) . Sodium - and C 1 - dependentglycine
transport and Na - dependent L - alanine uptake has also been
found in guinea pig reticulocytes , but not mature
erythrocytes( Fincham , Willis and Young , 1984 ) . It seems
that glycine and L - alanine transport in reticulocytes is
similar in a number of species and mediated largely by
systems Gly _ and ASC , respectively . Transport of these
amino acids in reticulocytes shares many common features
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with their transport in nucleated erythrocytes( eg . . the
pigeon red blood cell , Vidaver , 1964 Eavenson and
Christensen , 1967 Wheeler and Christensen , 1967 ) and other
cell types ( Thomas and Christensen, 1970 ) . In this
context , it is interesting to note that guinea pig
reticulocytes also exhibit Na - dependent L - glutamate uptake
inhibitable by L - aspartate , which is not present in mature
red blood cells of this species ( cf . system Glu Fincham et
al . 1985a ) .
Dibasic amino acids were found to be more rapidly
transported into rabbit reticulocytes than mature cells
( Christensenand Antonioli , 1969 ) . Transport was non -
concentrativeand , with the exceptionof L - 2 , 4 - diamino- n -
butyrate , was largely Na - independent. Uptake was resolved
into saturable ( system Ly ) and non - saturable components.
In the case of L - 2 , 4 - diamino- n - butyrate, the presenceof
an additional Na - dependent saturable system was suggested ,
althoughthe possibilityof a single L - 2 , 4 - diamino - n -
butyrate saturable system with a partial Na - dependence was
not ruled out . Cross - inhibition studies indicated that Na -
dependentL - 2 , 4 - diamino - n - butyrate uptake was not mediated
by the Na - dependentglycine or L - alanine systems . In this
respect it is interesting to note that this amino acid is a
surprisingly effective inhibitor of system C and may
participate in exchange reactions via this transporter
( Youngand Ellory , 1977 a ) .
Certain neutral amino acids , particularly L -
cysteine and L - homoserine, were found to inhibit the uptake
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of dibasic amino acids by the reticulocyte system Ly + if
Na + was present ( Christensenand Antonioli , 1969 ) . This
interaction , functionally equating ( Na + neutral amino
acid ) with a ' dibasic amino acid , has been pursued in some
detail by Christensen' s group . As this concept forms a
central theme of the present Thesis , it is dealt with in
greater depth in Chapter 5 and in the General Discussion
( Chapter 9 ) . Briefly , it has been reported that certain
dibasic amino acids can act as inhibitors of the Na -
dependent system ASC by interaction of the side - chain amino
group with the Na + binding site , and conversely , neutral
amino acids , especiallywith - OH or - SH groups , can act
together with Na + or certain other cations ( K + or
guanidinium ) as inhibitors of system L ( Christensen and
Handlogten , 1969 Christensen , Handlogten and Thomas ,
1969 ) . Thomas and Christensen( 1970 , 1971 ) go further in
defining the relationship between the Na + and amino acid
binding sites for system ASC . Using various hydroxyproline
isomers and the alkali metal cation series in conjunction
with different chain length amino acids , they concluded
that Na + and the amino acid bind in juxtaposition, so that
a hydroxyl or other polar group on the side - chain , if
suitably located ( on carbons 3 or 4 , and trans with respect
to the alpha - carboxyl group ) , can participatein a bond
between the two co - substrates.
A study relevant . to the discussion of the novel
interaction described above was made by Antonioli and
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Christensen ( 1969 ) . These authors attempted to follow the
change in amino acid transport properties of rabbit
reticulocytes during maturation in vivo . For the saturable
transport systems , changes in V rather than K were themax m
principal effects . The study was not sufficiently rigorous
to provide conclusive evidence that significant differences
exist in the maturation schedules of different amino acid
transport systems , although it was proposed that the L -
alanine ( ASC and Na - dependentL - 2 , 4 - diamino- n - butyrate
systems were most rapidly lost , followed by system L and
finally by the two glycine systems , which apparently
regressed at the same rate . More important was the
observation that system LY + survives in the maturing rabbit
reticulocyte ( and in the erythrocyte ) after system ASC can
no longer be detected . Therefore , although the latter
transporters exhibit close similarity in their reciprocal
interactionswith dibasic and neutral amino acids ( + Na + ) ,
it was concluded that the carriers are not manifestations
of a single entity ( Christensen, 1975 ) .
it would appear that species differences in
erythrocyte amino acid transport activity arise , at least
in part , during reticulocyte maturation . It is envisaged
that reticulocyte maturation in some species is associated
with the systematic and total loss of some transport
systems , whereas erythrocytes from other species retain
functional amino acid transporters unaltered ( except
perhaps in Vmax during the maturation sequence . An
additional possibility is that transport systems may not
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necessarily be lost , but may be changed from precursor
states into phenotypically distinct variants upon
differentiation of the reticulocyte . The possible
conversion of system ASC into system C during maturation of
sheep reticulocyteswas mentioned in section 1 . 3 and is
discussed further in Chapter 5 and Chapter 9 . The
molecular mechanism by which transport systems are lost ( or
transformed ) during reticulocyte maturation is unknown .
Possibilities include selective proteolysis or the
synthesis of endogenous transport inhibitors or modifiers .
1 . 5 THE ROLE OF THIOL GROUPS IN RED CELL AMINO ACID
TRANSPORT
The gamma - glutamyl cycle consists of six enzyme -
catalysed reactions that account for the synthesis and
degradationof GSH ( Fig . 1 . 2 ) ( Meister , 1981 Meister and
Anderson , 1983 ) . Two of the enzymes , gamma - glutamyl
transpeptidase and gamma - glutamyl cyclotransferase catalyse
reactions involving the incorporation and release of free
amino acids , respectively . Thus , it has been suggested
that the gamma - glutamyl cycle participates in amino acid
transport across the plasma membrane of a variety of cell
types ( Orlowski and Meister , 1970 see Meister and
Anderson , 1983 for a review ) . The hypothesis predicts that
active transport of amino acids would utilise ATP ,
degrading one mole of GSH for each mole of amino acid
entering the cell . The finding of high activities of
Fig. 1.2 The gaaaa-glutanyl cycle and its
postulated role in aalno acid transport.
1, gamma-glutamyl transpeptidase 2,
gamma-glutamy1 cyclotransferase 3, 5-oxoprolinase
4, gamma-glutamyl cysteine synthetase 5,
glutathione synthetase 6, peptidase.
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gamma - glutamyl transpeptidase and gamma - glutamyl
cyclotransferase in rabbit erythrocytes resulted in the
proposal that the gamma - glutamyl cycle may be involved in
amino acid transport in these cells ( Palekar , Tate and
Meister , 1974 ) . Furthermore, Agar , Gruca and Harley ( 1974 )
have suggested that this may represent a major role of GSH
in the red cell . Several lines of evidence suggest the
gamma - glutamyl cycle does not paticipate in erythrocyte
amino acid transport . First , no evidence was found that
GSH was degraded during a large net influx of amino acids
in the absence of glucose in rabbit and sheep erythrocytes
( Young , Ellory and Wright , 1975 c Young and Ellory , 1977 b ;
Young , 1979 ) . Second , gamma - glutamyl transpeptidase, a key
enzyme of the cycle is in fact absent from erythrocytes,
the previously reported enzyme activity in rabbit cells
( Jackson , 1969 Palekar et al . 1974 ) arising from white
cell contamination of the erythrocyte preparation
( Srivastava, Awasthi , Miller , Yoshida and Beutler , 1976 ) .
Third , the possibility that the transport lesion in sheep
erythrocytes with defective amino acid transport is a
result of GSH deficiency can be eliminated by the finding
of normal transport activity and intracellular amino acid
levels in GSH - deficient erythrocyteswith the GC - S lesion .
An interesting postscript to the argument comes
from a clinical case - history reported by Marstein , Jellum ,
Halpern , Eldjarn and Perry ( 1976 ) . These authors found an
eight - fold increase in the total free amino acids in the
erythrocytesof a patient suffering from GSH - S deficiency .
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As in the case of sheep with the transport lesion , lysine
and ornithine were among the amino acids whose
concentrations were elevated . It was concluded that the
amino acids accumulatedin the patient ' s cells in response
to defective amino acid transport resulting from gamma -
glutamyl cycle malfunction due to GSH - S and hence GSH
deficiency . However , in a subsequent study of the same
patient , erythrocyte amino - acid levels were found to be
normal and intracellular GSH levels were measurable where
none was detected previously ( Larsson , 1981 ) . A likely
explanation for these observations is that human
erythrocyte amino acid transporters are sensitive to the
oxidation state of membrane protein thiol groups , as has
been shown for sheep . Thus , Young ( 1980 ) demonstratedhat
several classes of thiol , on both faces of the membrane ,
are essential for transport activity . If , as seems likely ,
amino acid transport in human erythrocytes has a similar
membrane thiol dependence , it is probable that human GSH -
deficient erythrocytes cannot always maintain these thiol
groups in the reduced state . Therefore , perturbed amino
acid transport and hence amino acid accumulation might
result . In this context , it is interesting to note that
GSH levels in cases of human erythrocyte GSH deficiency are
usually much lower than those found in GSH - deficient sheep
cells .
To summarise , there is no substantial evidence for
a role for an enzymatically - catalysed group translocation
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( eq gamma - glutamyl transpeptidation) of amino acids in
erythrocytes , nor has any need for their net metabolic
modification in the course of transport been demonstrated .
Further progress in elucidating the molecular
mechanisms and functional significance of erythrocyte amino
acid transport is most likely to come from studies of
mutants lacking one or more transport systems . The
discovery of horses with a genetically controlled deletion
of erythrocyte amino acid transport is of particular
interest . Detailed study of these animals might be
anticipated to provide further insights into the role of
amino acids and amino acid transport in the metabolism of
the erythrocyte .
1 . 6 THE OBJECTIVESAND ORGANISATIONF THIS THESIS
Tne major objective of the project was to
undertake an in depth investigation of the variation in
erythrocyte amino acid transport activity in thoroughbred
horse erythrocytes . My experimental strategy was to
exploit this transport polymorphism in attempts to further
understand the membrane translocation of amino acids in red
cells and its interaction with intracellular metabolism .
The detailed aims of the study were :
if To assess the extent of amino acid transport
variation and deficiency in equine erythrocytes .
ii . To study the genetic control of amino acid
transport variation in horse erythrocytes .
iii . To undertake a detailed kinetic analysis of amino
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acid transport variation in horse - erythrocytes .
iv . To probe the possible evolutionary relationships
between the amino acid transport systems present
in horse erythrocytes and other species .
v . To investigate the physiological significance of
amino acid transport in erythrocytes .
vi . To provide information on the molecular properties
of the membrane component ( s ) responsiblefor amino
acid translocation .
The investigation includes a study of thoroughbred
and other equine breeds and species , with appropriate
comparisons with erythrocytes from sheep and man .
The remainder of this Thesis is divided into eight
Chapters and one Appendix . Chapter 2 describes the
methodologies employed in these studies . Chapter 3
describes a large scale screening programme of L - alanine
transport variation in equine erythrocytes . The purpose of
this study was to assess the extent of amino acid transport
variation and deficiency in equine erythrocytes and to
select individual horses for further detailed analysis . It
is established that erythrocytes from approximately 30 % of
thoroughbred horses are amino acid transport - deficient .
Chapter 4 , presents a detailed kinetic analysis of amino
acid transport variation in this species . These experiments
resulted in the characterisationf a novel , Na -
independent , high affinity . amino acid transporter in horse
erythrocytes , in addition to a carrier similar to that
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found in sheep red cells . The differences between the two
horse amino acid transporters are further probed in Chapter
5 , which provides evidence for an intruiging link between
erythrocyte amino acid transporters in at least four
species . The metabolic implications of amino acid
transport - deficiency are analysed in Chapter 6 .
Inheritance data are used in Chapter 7 to elucidate the
genetic control of amino acid transport in horse
erythrocytes. Finally , an attempt was made to provide some
molecular information on the novel , high affinity horse
erythrocyte amino acid transporter . Radiation inactivation
analysis was used in Chapter 8 to estimate the in situ
molecular size of the carrier . Chapter 9 is a General
Discussion of the ' results presented in the preceding
Chapters .
Regulation of transport function may be
physiological as well as genetic . Preliminary studies of
cell - volume regulation of amino acid transport in fish red




2 . 1 INTRODUCTION
This Chapter presents details of the experimental
procedures used in the present work . The Chapter is
divided into four major parts . The first deals with the
collection and handling of erythrocytes from the species
studied in this investigation . The second details the
methodologies used to measure amino acid transport in
erythrocytes and the third part documents the techniques
used to monitor erythrocyte enzyme and metabolite levels .
Lastly , the method used to measure the molecular size of
the high affinity amino acid transporter in horse
erythrocytes is described . The Chapter to which a
particular protocol is applicable is indicated in
parentheses. Some of the methods were used in nearly all
the experiments and are not assigned to any particular
Chapter .
2 . 2 MATERIALS
[ 1 - 14 C ] glycine, uniformlylabelledL - [ 14 C ] amino
acids ( and D - [ 14 C ] alanine) , gamma- amino - n - butyricacid and
taurine , 13 H ] inulin and 3 H 2 0 were purchasedfrom Amersham
InternationalPLC , Amersham, Bucks . , U . K . Non - radioactive
L - and D - amino acids and reduced glutathione were obtained
from Sigma ChemicalCo . Ltd . , Kingston- upon - Thames , Surrey ,
U . K . , except for L - alpha , beta - diaminopropionicacid , which
was purchasedfrom Calbiochem- Behring Corp . , La Jolla , CA
92037 , U . S . A . Other chemicalsalso purchasedfrom Sigma
were MOPS ( morpholinepropane sulphonic acid ) , Tris - HC 1
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( tris ( hydroxymethyl) aminomethanehydrochloride) , DTT
( dithiothreitol ) , NADPH ( nicotinamide adenine dinucleotide
phosphate ) , PCMBS ( p - chloromercuribenzesulphonic acid ) ,
SSA ( sulphosalicyciiccid ) , DTNB ( 5 , 5 ' - dithiobis- ( 2 -
nitrobenzoicacid ) ) , vanillin ( 4 - hydroxy - 3 - methoxy -
benzaldehyde) , PPO ( 2 , 5 - diphenyloxazole) and POPOP( 1 , 4 -
bis - [ 2 ( 5 - phenyloxazolyl) ] benzene) , also Dextran40 and the
enzyme glutathione reductase . SITS ( 4 - acetamido- 4 ' -
isothiocyanatostilbene- 2 , 21 - disulphonicacid ) , MPA ( meta
phosphoricacid ) and inulin were obtained from B . D . H .
ChemicalsLtd . , Poole , Dorset , U . K . Sodium and potassium
methyl sulphate ( Me S 04 ) were purchased from Hopkins and
Williams , Chadwell Heath , Essex , U . K . The organic reagents
triethanolamine, n - propanol and n - dibutylphthalatend Li OH
were obtainedfrom E . Merck , Darmstadt, F . R . G . All other
common laboratory chemicals and reagents were of analytical
grade . Double - distilled water was used throughout .
2 . 3 ANIMALS
Thoroughbred horses of English , Australian and New
Zealand origin were maintained under standard husbandry
conditions in the stables of the Royal Hong Kong Jockey
Club . These animals were used in all experiments, unless
otherwise indicated . Sources of samples from other
thoroughbreds , different equine breeds and species and
sheep are given at the end of the relevant Chapters .
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2 . 4 ERYTHROCYTES
2 . 4 . 1 Cell collection
Whole blood samples from horses and sheep were
obtained by jugular venepuncture into heparinised tubes .
Human blood was withdrawn from healthy volunteers , also
into heparin . Cells were stored at 40 C and generally used
within 48 hours of sampling . Occasionally , whole blood
samples from overseas were kept at 40 C for up to 7 days
before analysis . Control experiments established that
amino acid transport was stable for this period of time .
2 . 4 . 2 Cell preparation
Cells were prepared for transport experiments by
washing three times with 20 vol . of an incubation medium
containing150 mM - Na Cl , 15 mM - MOPS ( morpholinepropane
sulphonate) and 5 mM - glucose, with the pH adjustedto 7 . 5 at
370 C with KOH , and referred to subsequentlyas incubation
medium . The buffy coat ( white cells and platelets ) was
discarded . Cell suspensions were made to a haematocrit of
approximately20 % in this medium .
2 . 4 . 3 Haemoglobin
The haemoglobin content of cell suspensions was
measured as cyanmethaemoglobinat 540 nm ( 1 : 100 dilution in
Drabkin' s solution0 . 1 g Na CN , 0 . 3 g K 3 Fe ( CN ) 6 in 11
distilled water ) and converted to haematocrit using an
experimentally determined value for the haemoglobin content
35
of packed horse erythrocytesof 242 g / 1 .
2 . 4 . 4 Haeaatocrit
The packed cell volume ( PCV ) of whole blood and
cell suspensions was measured by the microhaematocrit
method ( Archer , 1965 ) . Other haematologicalparameters
( Chapter 6 ) were measured on a Coulter Counter using
standard techniques( Archer , 1977 ) .
2 . 4 . 5 Cell water
Erythrocyte water content ( Chapter 6 ) was
determinedby drying to constantweight ( > 24 h at 110 ° C ) or
isotopicallyusing 3 H 2 0 . An aliquot( 0 . 5 m 1 ) of 20 % cell
suspension was mixed with an equal volume of incubation
medium containing3 H 2 0 ( 5 uC i / ml . Cells were incubatedfor
30 min at room temperature. Erythrocytes( four x 0 . 2 m 1
aliquots ) were separated from the aqueous solution by
centrifugationhrough n - dibutylphthalate( 0 . 8 m 1 ) using an
Eppendorf 5414 microcentrifuge( 10 sec , 15000 gj . The
extracellularspace was measured using L - [ U 14 C ] glutamate
and [ 3 H ] inulin ( final concentration0 . 05 mM ) . These markers
gave trapped space values of 6 . 5 and 5 . 6 % , respectively.
2 . 4 . 6 Na + and K + levels
Sodium and K + concentrationswere determined in a
Corning flame photometer on lysates prepared from
erythrocyteswashed once in 20 vol . of a solution of 107 mM -
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Mg C 12 , lO mM - Tris - HCl , pH 7 . 9 at 20 ° C . Both Na + and K +
concentrations were related to the haematocrit and
haemoglobin concentration of the washed red cells ( Chapter
6 ) .
2 . 5 TRANSPORTSTUDIES
The techniques used for flux measurementsin the
present work are based on those described in depth by Young
and Ellorv ( 1982 )
2 . 5 . 1 Influx
a ) To measure the time - course of amino acid uptake by
horse erythrocytes, equal volumes of pre - warmed ( 37 ° C )
washed cell suspension and pre - warmed incubation medium
containing the appropriate concentration of radioactive
permeant ( 1 uC i / ml ) were mixed together . Incubationswere
stopped at predeterminedtime intervals ( 30 sec - 8 h ) by
transferring0 . 2 ml of the cell suspension( 10 % haematocrit)
to an Eppendorfmicrocentrifugetube ( volume 1 . 5 m 1 )
containing0 . 8 m 1 ice - cold incubationmedium layered on top
of 0 . 5 m 1 ice - cold n - dibutylphthalate. The tube was
immediately centrifuged at 15000 g for 10 sec using an
Eppendorf 5414 microcentrifuge. The aqueous medium and n -
dibutylphthalate layers were removed by suction , leaving
the cell pellet at the bottom of the tube . After carefully
wiping the inside of the centrifuge tube with absorbent
tissue paper , the cell pellet was lysed with 0 . 5 m 1 0 . 5 %
( v / v ) TritonX - 100 in waterand 0 . 5 m 1 5 % ( w / v )
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trichloroacetic acid was added . The precipitate was
removedby centrifugation( 2 min , 150008 ) and 0 . 9 ml of the
supernatant transferred to 5 ml scintillation fluid
( composition4 g PPO ( 2 , 5 - diphenyloxazole) , 0 . 2 g POPOP( 1 , 4 -
bis - [ 2 ( 5 - phenyloxazolyl) ] benzene) , 333 ml Triton X - 100 and
666 m 1 toluene per 1 ) . Samples were counted for
radioactivity on an LKB Rackbet - a Scintillation Counter with
quench correction . Blanks were obtained by processing cell
samples which had been mixed with radioactive permeant at
0 ° C . Transport values were calculated after subtraction of
these blanks .
b ) An alternative method of separating cells from
extracellular medium was used in experiments where the
initial rate of amino acid uptake was measured . Here ,
equal volumes of pre - cooled ( ice - cold ) cell suspensionand
radioactive amino acid solution were mixed in micro -
centrifuge tubes on ice and the incubations initiated by
transferringthe tubes into a water bath at 5 , 25 or 37 ° C .
Incubations ( typically 15 min ) were stopped by transferring
the tubes back into the ice - bath for a further 15 min . The
cells were rapidly washed four times ( 10 sec , 150008 ) with
1 ml portionsof ice - cold washingmedium( 107 mM - Mg C 12 , 1 omM -
Tris - HC 1 , pH 7 . 9 at 20 ° C ) . The washedcell pelletswere
then treated as above .
2 . 5 . 2 Efflux
Washed erythrocytes were incubated at a
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haematocritof 30 % for 2 - 4 h at 37 ° C in incubationmedium
containing0 . 2 - 4 Om M L - [ U 14 C ] alanine. The cells were
rapidly washed ( six x 10 vol . of ice - cold incubation
medium ) by centrifugation and resuspended in ice - cold
medium to a haematocrit of 20 % . Cell suspensionswere
stored on ice until use . L - Alanine efflux at 37 or 25 ° C
was measuredby mixing 0 . 5 m 1 ice - cold cell suspensionwith
4 . 5 m 1 pre - warmed incubation medium containing the
appropriate non - radioactive amino acid . At predetermined
time intervals( usually 2 . 5 , 5 , 10 and 15 min ) iml portions
of cell suspension ( final haematocrit approximately2 % )
were removed into an ice - cold microcentrifugetube
containing0 . 2 m 1 ice - cold n - dibutylphtlalateand the cells
rapidly sedimentedbelow the oil ( 15000 g _ for 20 sec ) . A
sample ( 0 . 7 m 1 ) of supernatantwas removed for scintillation
counting . The initial intracellular L - alanine
concentration was measured by processing an aliquot of the
20 % loaded cell suspension( as described for L - alanine
influx ) and counting for radioactivity with appropriate
quench correction . Efflux rate constants were estimated by
fitting straight lines to graphs of log { 1 - ( supernatant
counts ) / ( total counts ) ) against time . Efflux rates ( mmol / l .
cells per h ) were obtained by multiplying the efflux rate
constant ( h - 1 ) by the intracellular amino acid
concentration .
2 . 5 . 3 Equilibrium- exchangeInflux
Erythrocytes were loaded with different
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concentrationsof non - radioactive L - alanine , washed and
resuspended as described above . Initial rates of
equilibrium - exchange influx at 250 C were measured by mixing
loaded cell suspension with incubation medium containing
the same concentrationof L - [ U 14 C ] alanine . Subsequent
treatment of samples for equilibrium - exchange influx was
the same as for zero - t - rans influx experiments.
Intracellularlevels of non - radioactiveL - alanine ( mmol / 1 .
cell water ) were determined by identical parallel
incubationsof cells with 14 C - labelled L - alanine .
2 . 5 . 4 Analysisof influx data
Where applicable , kinetic constants of uptake
( apparent Km and Vmax ) were determined from concentration-
dependence curves using methods considered most adequate in
a review by Atkins and Nimmo ( 1980 ) . Thus , linear
regressionanalysis of a Hanes ( 1932 ) plot of s / v against
s , where v is the initial uptake rate and s is the
extracellular substrate concentration , provided estimates
of the two kinetic parameters . For estimates of the
inhibitionconstant( Kd ) , plots of 1 / v ( the initial rate of
uptake in the presence and absence of various
concentrations of inhibitor ) against i ( the concentration
of inhibitor ) were used ( Dixon , 1953 ) . When different
models were fitted to kinetic data ( Chapter 4 ) , tests for
goodness of fit such as analysis of variance and Rankit
plots ( Bliss , 1967 ) were used to retain or reject a given
model, as advocated by Atkins (1976).
Using the maximum likelihood method (the programme
MLP of Q.J.S. Ross, C1978, Lawes Agricultural Trust,
Rothampstead Experimental Research Station, Harpenden,
U.K.) three different models of amino acid uptake were
tested.
A) One saturable uptake system plus diffusive entry
B) Two saturable uptake systems, no diffusion
C) Two saturable uptake systems plus diffusive entry
For each model, the curve fitting programme
estimated values for K, V and K,. These parameters
were obtained using a FORTRAN 77 sub-routine to calculate
the uptake (tf) to fit a given model at each of the
experimental substrate concentrations. From the calculated
() and the measured (v) uptake values for each substrate
concentration the logarithmic sum of squares was derived,
thus
and then minimised by the sub-routines E04JBF and E04HBF of
the NAG sub-routine library (NAG MK10, Numerical
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AlgorithimsGroup , Banbury , Oxford , U . K . ) to obtain the
best - fit . E 04 JBF allows constrainedminimisation, and the
parameters were subject to a lower bound of zero and an
upper bound of 100 . No standard errors could be obtained
if the minimisation terminated while a parameter was at a
boundary value . With a normal termination , a variance -
covariance matrix for the parameters was obtained from the
residual variance and the increase of the Hessian matrix
( providedby E 04 JBF ) .
For a given data set , a comparisonof the fit
obtained with different models was made by usual analysis
of variance .
2 . 6 METABOLICSTUDIES
2 . 6 . 1 Glutathionemeasurements
Intracellular GSH ( Chapter 6 ) was determined using
two methods . To prepare samples for GSH estimation ,
0 . 25 m 1 of 20 % washed cell suspensionwas centrifuged( 10
sec , 15000 gJ and the supernatant liquid removed . Cell
pellets were allowed to haemolyseby addition of 0 . 15 m 1
ice - cold distilled water . The haemolysate was
deproteinisedby addition of MPA solution ( 1 . 67 g
metaphosphoricacid , 0 . 2 g Na 2 - EDTA , 30 g Na Cl per 100 ml
distilled water ) or by addition of 10 % ( w / v ) SSA
( sulphosalicyclica id ) . The former acid - extract was used
in the assay of Beulter , Duron and Kelley ( 1963 ) ( A ) , the
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latter for the method of Griffith ( 1980 ) ( B ) .
( A ) After the methodof Beutteret al . ( 1963 ) , 0 . 2 ml
of erythrocyte acid - extract was neutralised by addition of
1 ml of 0 . 3 M - Na 2 H PO 4 , followedby additionf 0 . 125 m 1 DTNB
solution( 20 mg 5 , 5 ' - dithiobis- ( 2 - nitrobenzoicacid ) ( DTNB ) ,
lg sodium citrate per 100 ml distilled water ) . The
absorbancewas then measured at 412 nm . GSH in the sample
was determinedusing a GSH standard ( 1 mg GSH per ml of MPA
solution/ distilledwater ( 6 : 4 ) ) , 0 . 1 ml being addedto 0 . 6 m 1
MPA solutionand 0 . 3 m 1 distilledwater . Aiiguots( 0 . 2 m 1 )
were then taken and treated in the same way as the test
samples described above . Although DTNB is a non - specific
thiol reagent , the majority ( approximately95 % ) of non -
protein thiol in human ( Beutler , 1975 ) and sheep
erythrocytes( Young et al . 1975 b ) is GSH . Three blanks are
required to correct samples for the absorbance of the assay
constituents. For blank 1 , the acid - extract sample
supernatantis replacedby MPA / water ( 6 : 4 ) . In blank 2 the
sample supernatant is included in the assay but the DTNB
solution is replaced by distilled water . For blank 3 ,
neither sample supernatant or DTNB solution is included .
The former is replacedby MPA / water ( 6 : 4 ) , the latter with
distilled water . The blank value to be subtracted from the
sample value is blank 1 + blank 2 - blank 3 .
( B ) GSH was also assayed by a GSH - specific enzymatic
recycling procedure in which it is sequentially oxidised by
DTNB and reduced by nicotinamide adenine dinucleotide
phosphate ( NADPH ) in the presence of glutathione reductase
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( GR ) ( Griffith , 1980 ) . The DTNB reaction produces a
colouredion ( 2 - nitro - 5 - thio benzoic acid ) and a mixed
disulphide , which reacts with further quantities of GSH to
liberate another ion and GSSG which re - enters the cycle .
The standardassay for total GSH was 0 . 7 m 1 0 . 3 mM -
NADPH, 0 . 1 ml 6 mM - DTNB( both in 125 mM - Na - phosphate, 6 . 3 mM -
Na 2 - EDTA, pH 7 . 5 with HC 1 at 20 ° C ) and 0 . 2 ml of acid -
extract sample . The mixture was allowed to equilibrate for
5 min at 300 C in a 1 ml cuvette . The pH of the GSH sample
in SSA : distilled water ( 6 : 4 ) was 3 . 5 , significantly
lowering the pH in the cuvette . This was adjusted to pH
7 . 7 by addition of a predeterminedtitration volume
( typically 0 . 02 m 1 ) of triethanolaminebefore addition of
GR . The reaction was initiated by addition of 0 . 01 ml GR
( 50 units / ml of Na - phosphatebuffer ) and the absorbance
continuouslymonitored at 412 nm . The GSH content of the
aliquot assayed was determined by comparison of the rate
observed to a standard curve generated with known amounts
of GSH . A blank assay was carried out by adding distilled
water to the system in place of GR , to correct for non -
specific DTNB reduction by the system .
It has been noted that triethanolaminecauses a
small ( about 10 % ) interferencewith the assay . This
together with the presence of small amounts of non - GSH
thiol is most likely the reason that the enzymatic
recycling assay gave on average results 12 % less than the
methodof Beutleret al . ( 1963 ) ( A ) ( see Chapter6 ) .
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2 . 6 . 2 Glucose - 6 - phosphatedehydroeenamp
This enzyme was assayed ( Chapter 8 ) by the method
of Beutler ( 1975 ) , in which NADP is reduced by glucose - 6 -
phosphatedehydrogenase( G - 6 - PDH ) in the presence of
glucose- 6 - phosphate( G - 6 - P ) . The rate of NADPHformation,
which is proportionalto the G - 6 - PDH activity , is
continuouslymonitoredat 340 nm . An aliquot ( 0 . 01 ml ) of
cell suspensionwas added to 0 . 5 m 1 of 1 . 5 mM - NADP , 12 mM -
maleimidein 30 mM - Tris - HC 1 , 15 mM - Nat - EDTApH 8 . 0 at 200 C ,
and allowed to haemolyse . The reaction was initiated by
additionf 1 ml of 1 . Om M - G - 6 - P in 15 mM - Mg C 12 . Production
of a second molar equivalent of NADPH by 6 - phosphogluconate
dehydrogenase( 6 - PGDH ) , also present in erythrocytes, was
prevented by the presence of maleimide , which inhibits the
6 - PGDH.
2 . 6 . 3 Arginase
The presence or absence of erythrocyte arginase
activity ( Chapter 6 ) was determined using the alkaline -
vanillin spot - test of Young and Wright ( 1977 ) . Washed
packed erythrocyteswere stored at - 200 C . The cell pellet
was lysed with an equal volume of ice - cold distilled water ,
and 0 . 2 m 1 of the haemolysateadded to 0 . 05 m 1 of ice - cold
0 . 25 M - arginine- HC 1 , pH 9 . 8 . A pre - incubationsample
( 0 . 05 m 1 ) was immediatelyremoved and the remainder
incubated at 370 C for 15 h . The incubation samples were
mixed with 0 . 0625 m 1 ethanol and 0 . 0781 m 1 chloroform,
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allowed to stand for 30 min at O ° C , and then centrifuged
for 5 min at 15000 g . Arginine and ornithine standards were
similarly treated with ethanol and chloroform . Aliquots
( O . Olml ) of the clear supernatantswere spotted on Whatmann
3 MM chromatographypaper and allowed to dry . The paper was
then rinsed in 2 % ( w / v ) vanillin( 4 - hydroxy- 3 - methoxy-
benzaldehyde) in n - propanol, - heated at 110 ° C for 10 min ,
and then treated with 1 % ( w / v ) KOH in ethanol . Ornithine
gave an intense orange spot after 3 min further heating .
In contrast , 50 mM arginine gave a faint yellow spot .
2 . 6 . 4 Amino acid analysis
Erythrocytes( 1 ml , 20 % haematocrit) were separated
from incubation medium by centrifugation and the
supernatant removed . Cell pellets were haemolysed on - ice
by addition of 0 . 3 m 1 ice - cold distilled water . The
haemolysatewas deproteinisedby addition of 0 . 5 m 1 10 %
( w / v ) SSA and left on - ice for 15 min , then centrifuged( 5
min , 15000 g ) and an aliquot ( 0 . 5 m 1 ) of the clear
supernatant removed to a fresh tube . Plasma samples were
directly deproteinised by addition of an equal volume of
SSA . A predeterminedtitration volume ( typically 0 . 15 m 1 )
of 0 . 3 M - Li OH was added to the 0 . 5 ml aliquotof acid - extract
to bring the sample pH to 2 . 2 . Aliquots( 10 - 80 ul ) of
this sample were injected into the system of an automated
amino acid analyser ( LKB 4400 ) using the manufacturers




2.7.1 Treatment of cells with a thiol-reactive agent
cells were treated with the thiol-reactive agent
p-chloromercuribenzene sulphonic acid (PCMBS) at 10C by
incubating 0.15m1 aliquots of pre-cooled washed
erythrocytes (haematocrit 20%) with 0.15m1 of pre-cooled
incubation medium containing PCMBS (1- 600) for 1 h.
Excess inhibitor was removed by washing erythrocytes four
times in inhibitor-free incubation medium. For human
erythrocytes, this procedure was carried out in both NaCl
and KC1 media whereas only the former was used for horse
and sheep erythrocytes. The cells were resuspended in
incubation medium to a haematocrit of 20% and kept on-ice
until required (usually less than 15 min).
2.7.2 Cryopreservation of horse erythrocytes
Cells were washed three times with 20 vol. of
incubation medium and resuspended to a haematocrit of 10%
in ice-cold cryoprotective medium (3g NaCl, 70g sucrose,
100g Dextran 40 and 3g dithiothreitol per 1.). Drops of
the cell suspension were allowed to fall onto the surface
of liquid nitrogen, cool rapidly, freeze and then sink to
the bottom of the flask. Frozen droplets were stored under
liquid nitrogen until required. The droplets were
successfully reconstituted by sprinkling into incubation
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medium at 37 ° C , thus preventing recrystalisationi jury
due to insufficiently rapid thawing . The subsequent washing
of cells in incubation medium to remove the cryoprotective
reagents resulted in minor loss of cells ( approximately
5 % ) . Cells were subsequently handled as previously
described for transport assays .
2 . 7 . 3 Irradiationprocedure
Irradiation was performed with high - energy ( 16
Mev ) electrons using the experimental beam facility of a
clinical Phillips - MEL SL 75 - 20 linear accelerator at the
Department of Radiotherapeutics, University of Cambridge ,
U . K . ( dose rate 2 . 0 Mrad min - 1 , 10 cm diameteruniform
beam ) . The frozen droplets of cell suspension were
submerged in a reservoir of liquid nitrogen and irradiated
at - 196 ° C in an aluminiumand lead castle which was cooled
with air blown over a bed of solid CO 2 . For high
radiation doses ( > 5 Mrad ) , samples were irradiated in
discreet doses to control for possible heat increments
during prolonged irradiation . The liquid nitrogen in the
reservoir was frequently changed to minimise the effects of
ozone . Radiation dose was monitored by Perspex dosimetry
at ambient temperature ( Berry and Marshall , 1969 ) .
Additionally, G - 6 - PDH was assayed as an internal standard .
The theory behind the radiation inactivation
technique is discussed in Chapter 8 .
CHAPTER 3






3 . 1 INTRODUCTION
In a pilot screening study of the permeability of
thoroughbredhorse erythrocytes to L - alanine , it was
demonstrated that the transport activity of cells from
individual animals showed considerable variation ( D . A .
Fincham , M . Phil . Thesis , 1983 ) . It was particularly
significant that one animal in the survey possessed
erythrocytes which were essentially impermeable to amino
acid . This chapter describes a comprehensive investigation
of amino acid transport variation in red blood cells from
over 500 Equidae , representative of several different
breeds and species . Initial rates of L - alanine transport
by erythrocytes from individual animals were stable , but
differed by up to 300 - fold , with 30 % of the thoroughbred
horses tested having red blood cells essentially
impermeableto this amino acid . In contrast , the more
primitive horse species did not exhibit erythrocyte amino
acid transport deficiency , transport rates tending to be
much higher than for Equus caballus .
3 . 2 RESULTS
3 . 2 . 1 L - Alanine permeabilitys udies
Fig . 3 . 1 shows representativeime - courses of L -
[ U 14 C ] alanine uptake ( extracellularconcentration0 . 2 mM ,
37 ° C ) by red blood cells from three thoroughbredhorses
with widely differing erythrocyte amino acid
permeabilities . The results illustrate the variation in
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Time (min.)
Uptake of L-alanine (0.2mM extracellular
concentration, 37°C) by red blood cells from two
transport-positive type horses(,$) and
one transport-negative type animal(|) was
measured as described In Chapter 2, Section 2.5.1a.
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transport activity which occurs in horsered blood cells
and demonstrate that a 15 min incubation period can be
used to measure initial L - alanine uptake rates . For the
cells permeable to L - alanine ( transport - positive type )
[ 14 C ] amino acid levels within the cell reached a maximum
within the experimentalperiod of 3 h . Red blood cells
from one of the transport - positive type horses were able to
accumulate L - alanine against its concentration gradient .
In the other case , L - alanine equilibrated with
intracellular water . In contrast , red blood cells from the
third horse were essentially impermeable to amino acid
( transport - negative type ) . To verify that measured uptake
rates of red blood cells from individual animals were
constant and reproducible , the erythrocytes of two control
horses ( one transport - positive , the other transport -
negative ) were repeatedly assayed over a period of three
months . L - Alanine uptake rates ( extracellular
concentration0 . 2 mM , 37 ° C ) for the transport- positive and
transport- negativecells were 346 . 60 + 5 . 66 ( 313 . 05 -
380 . 10 ) ( 13 ) and 8 . 38 ± 0 . 28 ( 6 . 96 - 9 . 73 ) ( 12 ) 1 imol/ l . cells
per h , respectively( mean + SEM ( range ) [ no . of
observations] ) .
The initial rates of L - alanine uptake for
erythrocytes from 201 thoroughbredhorses are shown in Fig .
3 . 2 . Of the animals tested , 30 % had red blood cells
essentially impermeable to this amino acid , giving
transport rates equivalent to those reported previously for
Fig . 3 . 2 Distributionof L - alanine transport
activities in thoroughbred horse
erythrocytes .
0 30 60 90 120
250 350 450 550 650
L - ALANINEUPTAKE( umol/ 1 . cellsper h )
Red blood cells from 201 thoroughbreds
were assayed for initial rates of L - alanine
transport( 0 . 2 mM , 37 ° C , as describedin Chapter2 ,
Section 2 . 5 . 1 b ) . Each point ( □ ) represents
the amino acid permeability of an individual
animal . Values are means of duplicate estimates .
Fig . 3 . 3 Distributionof L - alanine transport
activities in erythrocytes frog
thoroughbred horses according to country
of origin .
A
0 30 60 90 120 0 250 350 450 550 650
B
0 30 60 90 120 250 350 450 550 650
C
0 30 60 90 120 250 350 450 550 650
L - ALANINEUPTAKE( umol/ 1 . cellsper h )
The data shown in Fig . 3 . 2 is replotted
according to country of origin of the horses tested
( A , New Zealand B . AustraliaC . England ) . Each
point ( □ ) represents the amino acid permeability
of an individual animal . Values are means of
duplicate estimates .
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transport - negative sheep erythrocytes( 15 of / 1 . cells
per h ) ( Young et al . 1982 ) . The remainingthoroughbreds
were divisible into four transport - positive sub - groups on
the basis of red blood cell L - alanine permeability: 27 - 63
1 iniol / l . cell per h ( 31 % ) , 68 - 111 umol / 1 . cells per h
( 22 % ) , 305 - 428 jmol / l . cells per h ( 9 % ) and 458 - 625
umol / l . cells per h ( 8 % ) . Analysisof amino acid
permeability with respect to the country of origin of the
thoroughbredsis presented in Fig . 3 . 3 . English ,
Australian and New Zealand horses showed similar
distributions of animals between the various transport sub -
groups .
The distribution of amino acid transport activity
of red blood cells from 191 crossbred and purebred ponies
is shown in Fig . 3 . 4 B . Activitiesranged from 7 - 980
1 imol / l . cells per h . However, in contrast to the situation
with thoroughbreds, only 3 % of the ponies tested had
transport - negative red blood cells . Five animals had L -
alanine permeabilitiesgreater than 630 umol / l . cells per
h , the maximum thoroughbredvalue . A further difference
between thoroughbreds and ponies was that transport -
positive ponies were not readily divisible into discrete
sub - groups on the basis of erythrocyte L - alanine
permeability . The purebred ponies used in this study
belonged to five distinct breeds , and Table 3 . 1 summarises
the amino acid permeability ranges for the animals tested .
Red blood cell L - alanine permeabilitiesvaried by three -
fold for Shetland and Batak ponies , four - fold for Icelandic
Fig . 3 . 4 Distributionof L - alanine transport
activitiesin ( A ) Arab horse , ( B ) pony
and ( C ) donkey red blood cells .
A
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C
0 400 800 1200 1600 2000
L - AlanineUptake( umol/ 1 . cells per h )
Each point ( □ ) represents the initial
rate of L - alanineuptake( 0 . 2 mM , 37 ° C ) by cells from
one animal . Values are means of duplicate
estimates .
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ponies and eight - fold for Welsh ponies . No transport -
negative type animals were found in these breeds , all five
cases of transport deficiency occurring in the crossbred
ponies . Of these , three individuals originated from
England and two from Australia . Red blood cells from one
Connemara pony ( a breed indigenous to Ireland ) were tested
and found to be transport - positive .
. In addition , two other horse breeds were
investigated . Erythrocytes from Arab horses exhibited L -
alanine uptake rates over the range 25 - 513 umol / l . cells
per h ( Fig . 3 . 4 A , Table 3 . 1 ) , with one individualgiving a
much higher red blood cell amino acid permeability of 938
umol / l . cells per h . No animals with transport - negative
cells were found . Erythrocyte permeabilities of Shire
horses varied over a 16 - fold range ( Table 3 . 1 ) with no
incidence of transport deficiency .
Of all the samples tested in the present survey ,
donkey ( E . asinus ) red blood cells showed the highest
uptake rates , covering a 17 - fold range in activity ( 91 -
1554 pmol/ l . cells per h ) , - ( Fig . 3 . 4 C , Table3 . 1 ) . Other
cells giving very high L - alanine uptake . rates were those
from 15 Przewalski horses ( E . przewalskii) ( 640 1116
1 mol / l . cells per h ) . The zebras( Z . gre yl , Z . burchelli
and Z . hartmannae) tested gave erythrocyteL - alanine uptake
rates of between43 - 578 jimol / l . cells per h . The single
onager ( E . hemionus ) tested gave an erythrocyteL - alanine
uptakerate of 450 1 imol / l . cells per h .
TABLE 3 . 1 Amino acid transport activities in red blood cells of different equine
breeds and species
No . of L - Alanine permeability % Transport - negative
Breed / Species
animals ( jimol / l . cells per h ) type
Horses
Thoroughbred 201 5 - 625 30
Arab 110 25 - 938 - -
Shire 13 48 - 781 - -
Ponies
Crossbred 155 7 - 980
Welsh 24 64 - 502 - -
Shetland 6 40 - 122 - -
Batak 3 258 , 557 , 823 - -
Icelandic 2 116 , 455 - -
Connemara 1 88 - -
Asses
Donkey 45 91 - 1554 - -
Mule 7 97 - 508 - -
Onager 1 450 - -
Others
Przewalskii 15 640 - 1116 - -
Zebra 4 43 - 578 - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Values for L - alanine permeabilityrefer to initial rates of uptake measured at 0 . 2 mM
extraceilularamino acid and 37 ° C . Transport - negative type animals are defined as
those having red blood cells with L - alanine permeabilities15 pmol / l . cells per h
( see Figs. 3 . 1 4 ) .
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3.3 DISCUSSION
The results presented in this Chapter represent
only the second demonstration of amino acid transport
deficiency in mammalian red blood cells. The other species
in which erythrocyte amino acid transport deficiency occurs
is the sheep (Young et al. 1975a, 1976). As in sheep, the
defect would appear to be largely confined to a particular
breed of horse, the thoroughbred. Of the 201 thoroughbreds
tested, 30% were found to be transport-deficient type,
giving red blood cell L-alanine uptake values similar to
those reported previously for transport-deficient sheep
erythrocytes (5± 2 jimol/l. cells per h Young et al.
1982). In marked contrast to the situation with
thoroughbreds, only 3% of the ponies tested were of the
transport-negative type. There is therefore a 10-fold
difference in the frequency of transport deficiency in
thoroughbreds and ponies. In contrast to the situation in
sheep, transport-positive horses are divisible into four
sub-groups whereas only two sub-groups are present in
transport-positive sheep. This would suggest that the
control of amino acid transport in horse erythrocytes is
more complex than that in sheep.
Historically, the thoroughbred has been
considerably influenced by the Arab breed of horse.
However, no transport-deficient animals were observed in
this breed. Shire horses, a breed native to the British
Isles, also did not exhibit individuals with transport-
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deficient red blood cells . Similarly , no cases of amino
acid transport deficiency were found within the more
primitive equine species surveyed ( donkey , zebra and
Przewalski ' s horse ) . In fact , erythrocytesfrom most
individuals of these horse breeds and species were highly
permeable to amino acid . Therefore the origin of red blood
cell amino acid transport deficiency in thoroughbred horses
remains to be resolved .
Human erythrocyte L - alanine permeabilities range
between40 and 80 umol / l . cells per h ( Young et al . 1983 ) .
It is therefore remarkable that the variation in L - alanine
transport activity in equine erythrocytes extends over
three orders of magnitude . The animals studies were all
healthy and maintained under standard , often identical ,
husbandry conditions . Environmental factors are therefore
unlikely to have contributed significantly to the observed
transport variation . Similarly , there was no discernable
relationship between erythrocyte amino acid permeability
and animal age or sex . Red blood cells from individual
animals exhibited reproducible transport properties . It is
therefore likely that amino acid transport variation in
horse erythrocytes is under genetic control . Amino acid
transport activity may therefore have potential use as a
new blood group marker in horses ( see Chapter 8 ) .
It is also remarkable that amino acid transport
deficiency is so common and widespread in thoroughbred
horses . In sheep , red blood cell amino acid transport
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deficiency is due to the genetically controlled deletion of
system C transport activity, leading to a marked reduction
in red blood cell life-span (Young Tucker, 1983).
Affected cells also exhibit high levels of intracellular
amino acids, particularly ornithine and lysine. Studies in
Chapter 6 suggest that the horse erythrocyte lesion
similarly results in elevated erythrocyte amino acid levels
and, in some cases, GSH deficiency.
Of the thoroughbred and Przewalski's horses
tested, certain individuals were selected for further
detailed study. The results of these investigations, into
the kinetics and substrate specificity of amino acid
transport in equine erythrocytes, are presented in the
following Chapter.
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CHAPTER 4
KINETIC CHARACTERISATION





In the preceding Chapter it was shown that the
permeability of equine erythrocytes to physiological
concentrations of L-alanine is highly variable. In the
thoroughbred, this variation is not continuous over the
observed range of transport activity. The distribution
showed distinct discontinuities, suggesting the existence
of discreet sub-groups. This Chapter considers the
specificity, cation-dependence and kinetics of this
transport variation. The aim was to characterise the amino
acid transport mechanism(s) present in horse erythrocytes.
Concentration-dependence studies revealed a marked kinetic
heterogeneity in thoroughbred horse erythrocyte L-CU 14C]
alanine transport, resolving uptake at 370C into high
affinity saturable, low affinity saturable and non-
saturable. components. The results demonstrate that amino
acid-permeable cells possess a novel high-affinity, Na-
independent, ASC-like transporter and/or a low affinity Na-
independent transporter similar to the sheep system C.
These carrier systems are shown to be functionally absent
from transport-deficient thoroughbred horse erythrocytes.
4.2 RESULTS
4.2.1 Amino acid permeability of horse erythrocytes
4.2.1a Distribution of L-alanine transport activity
Fig. 4.1 shows the variation in the initial rate
Fig . 4 . 1 Distributionof L - alanine transport
activity in thoroughbred horse
erythrocytes .
A
0 30 60 90 120
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L - AlanineUptake( pmol/ I . cellsper h )
Initial rates of L - [ U 14 C ] alanine influx
( 0 . 2 mM , 37 ° C ) were determinedas describedin the
text . Each point ( □ ) represents the amino acid
permeability . of an individual animal . Open symbols




of erythrocyte L-alanine uptake (15 min incubation, 0.2mM
extracellular concentration, 370C) observed in 100
thoroughbred horses of English origin maintained in the
stables of the Royal Hong Kong Jockey Club. The data are
taken from Fig. 3.3C of the preceding Chapter. Fig. 3.3C
is reproduced here in order to indicate the animals
selected for further detailed kinetic study (shown by the
open symbols). These horses were selected from each of the
L-alanine permeability sub-groups described in Chapter 3
(from left to right: 5-15 (group 1), 25-55 (group 2), 70-
110 (group 3), 305-430 (group 4) and 485-625 (group 5)
jtmol/l. cells per h). The measured uptake rates in group 1
cells are notable in that they are similar to those found
in transport-deficient sheep erythrocytes (Young et al.
1982). The distinction between sub-groups 4 and 5 is not
as clear as the differences in L-alanine permeability
between the other sub-groups. However, as will be shown
later in this Chapter, sub-group 4 and 5 cells exhibit
clearly different kinetic behaviour with respect to L-
alanine influx.
4.2.1b Time-course of L-alanine uptake
Fig. 4.2 shows typical time-courses of L-alanine
uptake (0.2mM, 370C) by erythrocytes from animals
representative of each of the 5 sub-groups categorised in
the previous section. Uptake in group 1 (transport-
deficient) cells was slow and linear with time. In
Pig. 4.2 Tlae-course of L-alanine uptake by
transport—deficient and transport-
positive erythrocytes.
The L-alanine concentration was 0.2mM,
37°C. Uptake measured in either NaCl or KC1 media
was found to co-plot for each of the sub-groups 1 to
5.{ JL), group 1 cells;([]), group 2 cells;
( I), group 3 cells;( O) group 4 cells;
(), group 5 cells.
Fig. 4.3 Tiae-courae of uptake of various
concentrations of L-alanlne by
transport-positive group S horse
erythrocytes.
Cells were Incubated over a period of 8h
at 37°C with L-[U14C] alanine (0.2-10mM extra¬
cellular concentration).
Fie. 4.4 Tl.e-course of uptake of various
concentrations of L-alanine by
transport-positive group 2 horse
.erythrocytes.
Cells were incubated over a period of 8h
at 37°C with L-[U14C] alanine (0.2-10mM
extracellular concentration).
Fig. 4.5 Tlae-course of uptake of various
concentrations of L-alanlne by
transport-positive group 3 horse
erythrocytes.
Cells were Incubated over a period of 8h
at 37°C with L-[U1C] alanine (0.2-10mM
extracellular concentration).
Fig. 4.6 Tine-course of uptake of various
concentrations of L-alanine by
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Cells were Incubated over a period of 8h
at 37°C with L-[U14C] alanine (0.2-10mM
extracellular concentration).
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contrast, group 4 and 5 cells showed rapid transport,
intracellular (14C] alanine levels reaching apparent
steady-states in excess of equilibration values within the
experimental period of 3 h. Assuming horse erythrocytes
contain 70% water by volume, all of which is available to
amino acid, the theoretical equilibration value would be
0.14 mmol amino acid/1. cell water at 0.2mM extracellular
L-alanine. From the data in Fig. 4.2 it can be seen that
intracellular L-alanine in group 4 and 5 cells reached
levels of 0.31 and 0.69 mmol/l. cell water, representing
concentration ratios of 2.2 and 4.9 above equilibration,
respectively. In contrast, L-alanine uptake in cells from
the intermediate transport-positive groups 2 and 3 reached
plateaus below the level expected for equilibration with
cell water (0.04 and 0.10 mmol/1. cell water, representing
ratios significantly below one, of 0.3 and 0.7,
respectively). No significant difference in erythrocyte
water space was observed between the different sub-groups
(67.6, 68.4, 69.9, 70.6, 70.0 for groups 1 to 5,
respectively, see Chapter 6), measured using 3H 2 0.
To investigate these contrasting results between
transport-negative cells (sub-group 1) and the transport-
positive sub-groups 2 and 3 and groups 4 and 5, prolonged
time-courses (up to 8 h, 370C) using different
concentrations of extracellular L-alanine (0.2 to 10mM
extracellular concentration) were measured (Figs. 4.3 to
4.6). For group 5 cells (Fig. 4.3) it can be seen that the
apparent accumulation of L-alanine inside the cells is only
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observed at low extracellular L-alanine concentrations and
that it represents an overshoot phenomenon. At
extracellular L-alanine concentrations of 0.2 and 0.5mM,
maximum intracellular values were reached at 2 and 3 h,
respectively. Following these peaks, there was a
progressive loss of radioactive L-alanine from the cells.
Increasing the extracellular- L-alanine concentration (1
and 2.5mM) resulted in hyperbolic -progress curves
approaching expected equilibration values. Higher
extracellular L-alanine concentrations (5 and 10mM)
produced biphasic progress curves, with an initial rapid
component of uptake followed by a slower uptake phase.
These different forms of progress curve are consistent with
the exchange properties of amino acid transport in group 5
(and to some extent group 4) cells (see Section 4.2.1e). L-
Alanine uptake by these cells occurs preferentially by
homo- and hetero-exchange of radioactive permeant for
intracellular substrates of the transporter, thereby
accounting for the apparent accumulation of tracer in time-
course experiments at low alanine concentrations. The slow
phase of net amino acid uptake observed at high L-alanine
concentrations can be attributed largely to passive amino
acid influx across the cell membrane (see also Fig. 4.6).
Similar experiments with group 2 and 3 cells (Figs. 4.4 and
4.5) show that the partial-equilibration phenomenon
observed at low L-alanine concentrations (0.2 and 0.5mM)
progressively disappears as the extracellular L-alanine
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concentration is increased, until normal equilibraton
values are approached at 5 and 10mM external amino acid.
In transport-deficient cells (group 1), uptake was linear
with time at.each of the concentrations studied (Fig. 4.6).
The magnitude of this influx at high (10mM) L-alanine
concentration was approximately the same as the net uptake
observed in group 5 cells at this concentration.
4.2.1c Specificity of amino acid uptake
To investigate the substrate specificity of amino
acid uptake in each of the cell types described in the
preceding sections, the initial rates of uptake of 22
naturally occurring amino acids was measured (0.2mM, 370C).
The results are summarised in Table 4.1. In the first
column of Table 4.1, data is presented for transport-
deficient (group 1) cells. The low permeability to L-
alanine previously shown by these cells (Fig.4.2) was
confirmed. Furthermore, there was no indication of
stereoselectivity between the L- and D-isomers of this
amino acid. Other neutral amino acids also exhibiting low
uptake rates were L-serine L-proline L-threonine and L-
tyrosine. Increasing the length and/or branching of the
neutral amino acid side-chain resulted in an increase in
amino acid permeability in these cells. This is reflected
in the uptakes of L-tryptophan L-valine L-methionine
L-isoleucine L-leucine L-phenylalanine, the latter
having the highest permeability of all the amino acids
tested in group 1 cells. Uptake of glycine was low, but
TABLE 4.1 Substrate specificity of amino acid uptake in horse erythrocytes
Amino acid Transport subgroup
Group 1 Group 2 Group 3 Group 4 Group 5
Glycine 37+ 2 33+ 4 45+ 7 47+ 9 56+ 3
Proline 8+ 0.3 8+ 0.1 8+ 0.1 9+ 0.3 9+ 0.5
D-Alanine 11+ 0.5 21+ 5 29+ 1 40+ 2 31+ 2
Alanine 8+ 1 42+ 6 88+ 12 368+ 33 612+ 7
Serine 12+ 0.1 56+ 8 116+ 10 486+ 38 694+ 13
Cysteine 72+ 8 106+ 14 192+ 20 500+ 28 744+ 45
Valine 30+ 2 60+ 4 100+ 6 386+ 43 529+ 8
Threonine 5+ 0.3 12+ 3 21+ 1 115+ 13 130+ 2
Methionine 35+ 2 33+ 1 32+ 1 32+ 1 36+ 2
Isoleucine 67+ 4 77+ 5 72+ 4 81+ 6 83+ 5
Leucine 86+ 3 89+ 7 88+ 8 99+ 11 98+ 8
Phenylalanine 162+ 10 170+ 11 154+ 9 174+ 16 183+ 9
Tryptophan 24+ 2 28+ 2 25+ 2 29+ 0.6 26+ 1
Tyrosine 5+ 0.1 7+ 0.6 11+ 0.6 23+ 3 23+ 0.6
Lysine 5+ 1 9+ 1 18+ 2 64+ 9 60+ 2
Ornithine 9+ 2 9+ 0.3 12+ 0.6 24+ 3 24+ 2
Histidine 10+ 0.6 10+ 0.6 12+ 0.3 18+ 1 16+ 0.6
Arginine 6+ 1 8+ 2 8+ 0.6 13+ 2 10+ 1
Asparagine 4+ 0.3 5+ 2 6+ 0.6 10+ 2 8+ 0.3
Glutamine 10+ 0.3 12+ 4 13+ 2 17+ 3 8+ 1
Aspartate 4+ 0.3 5+ 0.6 5+ 0.6 6+ 0.3 4+ 0.3
Glutamate 3+ 0.1 5+ 0.3 6+ 0.3 5+ 0.6 3+ 0.1
Initial rates of amino acid uptake were determined in cells from each of the five transport
subgroups identified in Fig. 4.1 at 370C and an initial extracellular concentration of
0.2mM. Data are for three animals of each transport type± SEM. Transport rates are
expressed as pmole/l. cells per h.
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significantly higher than L-alanine, with L-cysteine
entering twice as fast as glycine. Other amino acids to
exhibit very low permeabilities were the dibasic amino
acids L-lysine L-arginine L-ornithine L-histidine.
L-Glutamine transport was also slow but twice that of L-
asparagine, while the acidic amino acids L-aspartate and L-
glutamate showed the lowest permeabilities.
In contrast, the cells most permeable to L-alanine
(group 5, last column in Table 4.1) showed a 19.7-fold
selectivity for the L- over the D-isomer. Unlike group 1
cells, these cells rapidly transported other small neutral
amino acids thus, L-cysteine L-serine L-valine L-
threonine. Larger neutral amino acids showed uptake rates
in these cells comparable to group 1 cells with L-
phenylalanine L-leucine L-isoleucine L-methionine
L-tryptophan L-tyrosine. Glycine transport was 1.5
times higher in group 5 cells compared to group 1 cells.
Other amino acids showing similar very slow uptake rates
were L-proline, L-asparagine and L-glutamine, with L-
glutamate and L- aspartate exhibiting almost negligible
transport as seen in group 1 cells. An interesting feature
of the data in Table 4.1 is the difference in uptake of the
dibasic amino acids between group 1 and group 5 cells.
The latter have significant transport activity for L-lysine
L-ornithine L-histidine L-arginine compared to group
1 cells. These differences are explored in depth in the
following Chapter.
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The intermediate transport-positive sub-groups 2,
3 and 4 all show a similar permeability pattern to group 5
cells. Thus (in descending order), L-cysteine, L-serine,
L-valine and L-alanine enter these cell types most rapidly,
the ranking order being group 4 group 3 group 2 cells.
Again, stereoselectivity of L- over D-alanine was observed
in the three sub-groups (ratio of permeabilities 2.0, 3.0
and 9.2 for groups 2, 3 and 4, respectively). Amino acids
entering each of the cell types less rapidly but with the
same ranking order as that observed for L-cysteine etc.
were L-threonine glycine L-tyrosine L-lysine L-
ornithine L-histidine L-arginine L-glutamine L-
asparagine. Other amino acids entering each of these cell-
types with similar rates were L-phenylalanine L-leucine
L- isoleucine L-methionine- L-tryptophan L-proline.
The lowest permeabilities in all three sub-groups were to
L-glutamate and L-aspartate, again with no apparent
differences between the cell types.
Thus, the transport-positive sub-groups 2 to 5 all
show a similar permeability profile to the amino acids
tested, the differences between the cell types being in the
rates of transport. Group 5 cells transported amino acids
the fastest followed by group 4 cells group 3 cells with
group 2 cells the slowest. Group 1 cells showed a
different permeability pattern to the transport-positive
sub-groups and generally-exhibited the slowest transport
rates for the amino acids studied. These data strongly
suggest that transport-positive horse erythrocytes possess
Fig. 4.7 Substrate specificity of aalno acid
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Initial rates of amino acid uptake were
determined in transport-positive subgroup 5 (open
columns) and transport-negative subgroup 1 (hatched
columns) cells at 37°C and an initial extracellular
concentration of 0.2mM by the washing-centrifugation
method described in Chapter 2. Data for three
animals of each transport type are from Table 4.1.
Standard errors (not shown) were typically less than
10% of mean values.
Fig. 4.8 Concentration-dependence of L-leuclne
uptake (low concentration range) by
transport-deficient and transport-
positive horse erythrocytes.
Initial rates of L-leucine uptake were
measured at 37°C in NaCl medium. group 1 cells;
group 3 cells; group 5 cells.
Fig. 4.9 Concentration-dependence of L-leucine
uptake (high concentration range) by
transport-deficient and transport-
positive horse erythrocytes.
Initial rates of L-leucine uptake were
measured at 37°C in NaCl medium., group 1
cells;|, group 3 cells;£, group 5 cells.
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a stereospecific amino acid transporter selective for
intermediate-sized neutral amino acids. Furthermore, this
transporter appears to be functionally absent from group 1
cells (transport-deficient). Carrier-mediated amino acid
uptake in groups 2-5 is superimposed on a basal membrane
permeability as exhibited by group 1 cells. For a visual
appraisal of this difference, data from Table 4.1 for group
1 and group 5 cells are contrasted in- the form of a
histogram (Fig. 4.7).
No evidence was found for the presence of a second
separate amino acid transporter selective for large neutral
amino acids. Concentration-dependence studies over an L-
leucine concentration range of 0.05-5mM and 1.25-50mM
showed uptake that was non-saturable in group 1, 3 and 5
cells (Figs. 4.8 and 4.9, respectively). Thus, the
possibility of system L transport activity (Young, et al.
1980) may be ruled out.
4.2.1d Na-dependence of wino acid uptake
To test for Na-dependent amino acid transport in
horse erythrocytes, the uptake of L-alanine (0.2mM
extracellular concentration) by group 1 and group 5 cells
was measured in different media containing either Na+, K+,
Li+, Mg 2+ or choline chloride (Table 4.2). No evidence of
Na-dependence was found. In contrast, L-alanine transport
in human erythrocytes under the same experimental
conditions was found to be markedly Na-dependent (see
TABLE 4.2 Effects of different cations on L-alanine uptake
in horse erythrocytes
L-Alanine uptake





















Initial L-alanine uptake rates (0.2mM extracellular
concentration, 37°C) were determined in the presence of
different cations as described in the text. Data are mean
values for erythrocytes from three transport-positive type
horses(+ SEM) and two transport-negative type horses.
Under the same experimental conditions, L-alanine uptake by
human erythrocytes was decreased by 70, 52, 52 and 69 in
K+, Mg2+, Li+ and choline chloride media, respectively,
relative to uptake in NaCl medium.
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Table 4.2, also Young et al. 1983). L-Alanine uptake was
found to be Na-independent in groups 2, 3 and 4 when K+ was
used as the Na+ substitute (see legend to Fig. 4.2).
4.2.1e Exchange versus net transport of amino acid
Analysis of freshly-washed group 5 erythrocytes
revealed the presence of significant intracellular
concentrations of amino acids, including alanine, serine,
threonine and valine. These latter four amino acids are
substrates for the transporter (Table 4.1 and Fig. 4.7),
but were retained by cells even during prolonged incubation
at 370C. Extracellular L-alanine induced the selective
efflux of these amino acids, presumably by homo- and
hetero-exchange. The question of exchange versus net
transport was studied quantitatively by correlating L--
[U 14 C] alanine uptake with intracellular levels of these
amino acids. An incubation period of 6h was used to
maximise the possibility of net amino acid transport. The
results of an experiment performed at different initial
extracellular concentrations of L-[14C] alanine (0.2-
10mM) are presented in Table 4.3. The data suggest that
carrier-mediated amino acid uptake occurs largely by
exchange. The net uptake of amino acid observed at high L-
alanine concentrations can be attributed to passive L-
alanine influx, as judged by parallel measurements of L-
[14C] alanine uptake in transport-negative cells (see also
Table 4.3 and Fig. 4.6). As detailed in section 4.2.1b,
additional evidence of amino acid exchange was found when
TABLE 4.3 Exchange of intracellular wino acids with extracellular L-alanine in
group 5 horse erythrocytes
-
Extracellular C14 C][ 14C]-L-Alanine Amino acid concentrations




0.2 0.36 0.74 0.62
0.5 0.72 1.05 0.56
1.0 1.01 1.10 0.35
2.5 1.40 1.58 0.25
5.0 1.79 1.74 0.17
10.0 2.45 2.32 0.20
Group 5 erythrocytes were incubated with varying concentrations of extracellular
[14 C]-L-alanine for 6h at 37 Co then analysed for intracellular levels of alanine
(total and[14 C]), serine, threonine and valine. Amino acid levels in cells at the
start of the incubation were alanine, 0.43 mmol/l. cells ayl (serine+ threonine+
valine), 1.19 mmol/l. cells. In a parallel experiment,[14 C]-L-alanine uptake was
measured in transport-negative cells. Uptake of radioactive L-alanine was 0.03
(0.2mM), 0.06 (0.5mM), 0.09 (1.0mM) 0.19 (2.5mM) 0.35 (5mM) and 0.70 (10mM) mmol/l.
cells after 6h. Values are means of duplicate estimates.
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extended progress curves were measured for L - [ 14 C ] alanine
uptake by group 5 erythrocytes( 8 h incubation) ( Fig . 4 . 3 ) .
Uptakeof 0 . 2 mM L - alaninereacheda maximum( 0 . 49 mmol / l .
cells ) after 2 h , correspondingto a distribution ratio
( intracellular concentration : extracellular concentration )
of 4 . 9 . This accumulationmust have occurred at the
expense of intracellular amino acids . A similar overshoot
was observedfor 0 . 5 mM L - alanine after 3 h and was followed
by progressive loss of radioactivity from the cells .
In contrast , no evidence of exchange in group 3
cells was found when L - [ U 14 C ] alanine uptake was correlated
quantitatively with intracellular levels of alanine ,
serine , threonine and valine ( Table 4 . 4 ) . These latter
amino acids are all substrates of the transporter present
in this cell type .
4 . 2 . 2 Kinetics of amino acid transport in horse
erythrocytes
4 . 2 . 2 a Concentration- dependenceof L - alanine influx
Fig . 4 . 10 compares the concentration- dependenceof
L - alanine uptake by erythrocytes representativeof the five
amino acid transport sub - groups over an extracellularL -
alanine concentrationrange of 0 . 05 - 5 mM . L - Alanine uptake
in transport - deficient cells ( group 1 ) was slow and linear
with respect to concentration( 0 . 18 mmol / l . cells per h at
5 mM extracellularL - alanine ) . In contrast , group 5 cells
TABLE 4 . 4 Lack of exchange of intracellular amino acids with extracellular L - alanine in
group 3 horse erythrocytes
Extracellular[ 14 C ] - [ 14 C ] - L - Alanine Amino acid concentrations
L - alanine ( mM ) Uptake ( mmol / l . cells ) ( mmol / l . cells )
Alanine ( serine + threonine + valine
0 0 . 099 0 . 121
0 . 2 0 . 048 0 . 136 0 . 130
0 . 5 0 . 142 0 . 258 0 . 130
1 . 0 0 . 326 0 . 515 0 . 134
2 . 5 1 . 002 1 . 123 0 . 129
5 . 0 2 . 299 2 . 682 0 . 135
10 . 0 4 . 876 4 . 820 0 . 131
Group 3 erythrocyte $ were incubated with varying concentrationsof extracellular [ 14 ] - L -
alanine for 6 h at 37 C , then analysedfor intracellularlevels of alanine Janine ( total and [ C ] ) ,
serine , threonine and valine . Amino acid levels in cells at the start of the incubation were
alanine0 . 118 mmol / l . cells and ( serine + threonine+ valine ) , 0 . 402 mmol / l . cells .
Fig. 4.10 Concentration-dependence of L-alanlne
uptake (low concentration range) by
transport-deficient and transport-
positive horse erythrocytes.
Initial rates of L—alanine uptake were
measured at 37°C in NaCl medium. A, group 1 cells;
□, group 2 cells;|, group 3 cells; Q, group
4 cells; Q, group 5 cells.
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rapidly transported this amino acid. Uptake in these cells
was saturable, with a high affinity for L-alanine.
Correction of the transport-positive cell flux for the
linear component measured in transport-deficient cells
yielded a simple hyperbolic relationship between the
initial rate of transport (y) and the extracellular L-
alanine concentration (s). Kinetic constants were
estimated by linear regression analysis of a Hanes (1932)
plot (s/v against s) of the data. The apparent K m value
calculated from the data was 0.3mM. L-Alanine uptake by
group 2 and 3 cells was linear with respect to
concentration and greater than that in group 1 cells,
demonstrating the presence of low affinity carrier-mediated
transport in these cells. In group 4 cells, L-alanine
transport appeared more complex, the data suggesting the
presence of mixed high affinity and low affinity kinetics
in this cell type. Thus, these cells exhibited both the
high affinity saturable characteristics of group 5 cells
and the low affinity non-saturable component observed in
group 2 and 3 cells. To investigate the possible presence
of dual uptake mechanisms further, the kinetics of L-
alanine uptake were measured in the same representative
cells over a higher extracellular concentration range of
2.5-100mM. In Fig. 4.11, results are presented for group
1, 4 and 5 cells. L-Alanine uptake in group 1 cells was
again linear with respect to concentration (3.6 mmol/l.
cells per h at 100mM extracellular L-alanine). Group 5
cells exhibited a high affinity saturable component of
Fig. 4.11 Concentration-dependence of L-alanlne
uptake (high concentration range) by
transport-deficient and transport-
positive horse erythrocytes.
Initial rates of L—alanine uptake were
measured at 37°C in NaCl medium. A,. group 1
cells; O' group 4 cells;£, group 5 cells.
Fig. 4.12 Concentration-dependence of L-alanine
uptake (high concentration range) by
transport-deficient and transport-
positive horse erythrocytes.
Initial rates of L-alanine uptake were
measured at 37°C in NaCl medium., group 1
cells;, group 2 cells;|, group 3 cells.
Fig. 4.13 Concentration-dependence of D-alanine
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Initial rates of D-alanine uptake were
measured at 37°C in NaCl medium. A group 1
cells; I, group 3 cells; 0, group 5 cells.
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transport as well as a slower non - saturable route that
parallels uptake in group 1 cells . A high affinity
saturable component is also evident in group 4 cells .
However , a second low affinity saturable component ( in
addition to non - saturable uptake ) can also be detected in
this cell type over the high concentrationrange . The
possibility that this low affinity saturable component was
also present in group 2 and 3 cells was . investigatedby
measuring L - alanine uptake in these cells over the same
high concentration range . The results are presented in
Fig . 4 . 12 . As in group 4 cells , both group 2 and 3 cells
evidently possess a low affinity saturable component of
transport as well as the non - saturable route observed in
group 1 cells . Calculated apparent Km values for this low
affinity saturable component were in the region of 13 mM .
4 . 2 . 2 b Stereospecificityof alanine uptake
The stereoselectivityobserved between L - and D -
alanine previously in Table 4 . 1 was further investigated by
measuring the kinetics of D - alanine influx in horse
erythrocytesof transport groups 1 , 3 and 5 over the
concentrationnge 2 . 5 - 100 mM ( Fig . 4 . 13 ) . Calculated
apparent Km values for D - alanine in group 5 and group 3
cells ( corrected for uptake by group 1 cells ) were
approximately30 mM ( Vmax 0 . 43 mmol / l . cells per h ) and >
100 mM , respectively. As detailed in the preceding section ,
apparent Km values for saturable L - alanine transport in
Fig. 4.14 Concentration-dependence of L-cyateine
uptake (high concentration range) by
transport-deficient and transport-
positive horse erythrocytes.
Initial rates of L-cysteine uptake were
measured at 37 C in NaCl medium and in the presence
of lOmM dithiothreitol. A, group 1 cells;£
group 3 cells.
Pig. 4.15 Concentration-dependence of L-cysteine
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Initial rates of L-cysteine uptake were
measured at 37°C in NaCl medium and in the presence
of lOmM dithiothreitol. JL, group 1 cells; 0,
group 5 cells.
Fig . 4 . 16 Effect of L - cysteineon L - alanine uptake
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Initial rates of L - alanine uptake were
measured at 37 ° C . The inhibitory amino acid was
added to the cells at the same time as the permeant .
The incubations contained lO mM - dithiothreitol to
prevent L - cysteine oxidation . Values are means of
duplicate determinations . The estimated apparent Ki













Pig. 4.17 Effect of L-cyatelne on L-alanlne uptake
by group 5 transport-positive horse
erythrocytes.
The inhibitory amino acid was added to
the cells at the same time as the permeant. Initial
rates of L-alanlne uptake were measured at 37 C.
The incubations contained lOmM-dithlothreitol to
prevent L-cysteine oxidation. Values are means of
triplicate estimates. The estimated apparent K.
value is 0.15mM.
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group 5 and 3 cells were 0 . 3 and 13 mM , respectively.
4 . 2 . 2 c Coapetitiveinhibitionof L - alanine untakp
Concentration - dependence studies with L - cysteine
in group 3 cells ( 2 . 5 - 100 mM , Fig . 4 . 14 ) and group 5 cells
( 0 . 05 - 5 mM , Fig . 4 . 15 ) estimatedhe apparentKm for L -
cysteine transport by the low affinity and high affinity
systems to be 16 and 0 . 15 mM , respectively. To test whether
L - cysteine and L - alanine share common routes for transport ,
the uptakeof L - alanine( 3 - 30 mM by group 3 cells and 0 . 1 -
0 . 75 mM by group 5 cells ) was measuredby these two cell
types in the presence of varying concentrationsof L -
cysteine( 20 - 100 mM , Fig . 4 . 16 for group 3 cells and 0 . 4 -
2 . 0 mM , Fig . 4 . 17 for group 5 cells ) . L - Cysteinewas found
to be an effective inhibitor of L - alanine transport in both
group 3 and group 5 cells . Dixon ( 1953 ) analysis of the
data confirmed that inhibition was competitive with
apparentKi values of 16 and 0 . 15 mM for group 3 and group 5
cells , respectively. Thus , the apparent Ki values for L -
cysteine inhibition of L - alanine transport are the same as
the apparent Km values for L - cysteine uptake by the low
affinity and high affinity transporters .
4 . 2 . 2 d Nomenclatureof horse erythrocyteamino acid
trnnsnnrters
The results presented so far in this Chapter have
identified three separate components of amino acid uptake
in horse erythrocytes: i ) a non - saturable component
exhibiting a linear concentration-dependence, ii) a high
affinity saturable route with an apparent of
approximately 0.3mM for L-alanine, iii) a low affinity
saturable route with an apparent of approximately 13mM
for L-alanine. These saturable routes have been designated
ascl and asc2 for the high affinity and low affinity
systems, respectively, in -recognition of their Na-
independence and their preference for alanine, serine and
cysteine. A detailed justification for this nomenclature
is given in Section 4.3, Discussion.
4.2.2e Detailed kinetic analysis of L-alanine transport
variation
Table 4.5 summarises the kinetic parameters of L-
alanine transport in the erythrocytes of the 17 horses
chosen for detailed study as indicated in Fig. 4.1 (open
symbols). The animals were ranked according to their
erythrocyte L-alanine uptake rates measured at 0.2mM
extracellular amino acid (37°C) and comprised four
individuals from amino acid transport group 1, four from
group 2 and three each from groups 3, 4 and 5.
Concentration-dependence curves in erythrocytes from each
animal were measured over high and low concentration ranges
as shown in the representative Figs. 4.10, 11 and 12.
The duplicate pairs of measurements at 2.5 and 5.0mM
extracellular L-alanine in the two concentration ranges
provided a basis for estimating the standard deviation for
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The kinetic constants K and V are shown with subscripts asc and asc., referring to the low affinity
saturable and high affinity saturable components of transport, respectively. Non-saturable uptake is
represented by K,. Presumed genotype is based,on the sub-groupings within the overall population
distribution shown-in Fig. 4.1. The genotypes asc 'as£ ,asc ,asc and asc ,asc8 were fitted with the
three parameter model. The best-fit model for the asc ,asc genotype was provided by the five parameter
model, based on the usual analysis of variance. Data for the asc ,asc genotype was fitted with a straight
line (with log weighting) and the slope taken as Kd.
70
the error of estimation. The analysis of variance
indicated that uptake rates measured at the different L-
alanine concentrations were log-normally distributed.
Thus, with log-weighting the standard deviation of the
uptake was found to be proportional to the mean of the
replicates at a given concentration. Therefore, in a
typical. experiment there were 16 measured L-alanine uptakes
to which a function with either three, four or five
parameters was fitted (models A, B or C, respecitvely, as
detailed in Section 2.5.4 of Chapter,2). Based on the 34
pairs of duplicate estimates (2.5 and 5.0mM L-alanine) the
estimate of the variance was used to find the mean
deviation. From the latter, the expected range of residual
sum of squares (RSS) was derived for a given model with 11,
12 or 13 degrees of freedom (C, B and A, respectively). A
given model was accepted or rejected based on analysis of
variance of the change in RSS ( RSS) upon changing from
the three to the four to the five parameter model. In no
case could the four parameter model (B, with no allowance
for the parameter Kd) give as good a fit as the best of A
or C and frequently was a very poor fit with large RSS.
This may be taken as substantial evidence for the presence
of non-mediated uptake in all cell types. Data from each
of the 13 transport-positive horses studied could be fitted
by either the three (A) or five parameter model (C). The
former was accepted when the F-value (F2,11) obtained for
RSS was not significant. The five parameter model was
taken as the best-fit if the F-value for RSS was
Fig. 4.18 Rankit plot of the non-aediated












values were estimated In transport-
deficient and transport-positive horse erythrocytes
as shown in Table 4.5. The mean value is
extrapolated from the zero Rankit value, and the
standard deviation is obtained by extrapolation when
the Rankit is equal to one.
significant.
In amino acid transport group 1 cells (transport-
deficient) the only detectable component of uptake was the
non-saturable route, presumably reflecting simple diffusion
of amino acid across the erythrocyte membrane. Further
analysis (by Rankit test, Fig. 4.18) of the values for K,
estimated in the most appropriate model (A or C) for each
transport-positive horse and the four transport-deficient
animals (K measured by linear regression through the
origin) revealed that is normally distributed about a
mean value of 0.0318+ 0.0020 (SEM, n=17)h1. The
different amino acid transport sub-groups were evenly
distributed in the range of KJ.
In both group 2 and group 3 cells, the most
appropriate model for the data was the three parameter
model. The saturable component present in these cell types
had a low affinity for L-alanine. The estimated apparent
K values were remarkably constant exhibiting at most a
2.6-fold variation. This low affinity saturable component
of uptake was also detected in erythrocytes from amino acid
transport sub-group 4. Again, the apparent values in
this cell type were in the range observed in group 2 and
group 3 cells. Analysis of the data (by Rankit plot, Fig.
4.19) revealed the apparent of this component in
sub-groups 2, 3 and 4 cells to be normally distributed
around a mean value of 13.218+ 1.223 (SEM, nlOJmM. In
addition to the low affinity saturable transport route,
Pig. 4.19 Rankit plot of the Michaelis-Nenten
affinity constant for the low affinity
saturable coaponent of anino acid
transport in horse erythrocytes.
Apparent values for the low affinity
transporter present in group 2, 3 and 4 cells were
estimated as shown in Table 4.5.
Fie. 4.20 Rankit plot of the Michaelia-Nenten
affinity constant for the high affinity
saturable component of anino acid
transport In horse erythrocytes.
Apparent km values for the high affinity
transporter present in group 4 and 5 cells were
estimated as shown in Table 4.5.
group 4 cells were found to possess a high affinity
saturable transport component. Thus, the five parameter
model was found to provide the best-fit to the data. In
contrast, group 5 cells were fitted best by the three
parameter model. The single saturable route identified
also had a high affinity for L-alanine. Taken together,
the range of apparent values for this high affinity
component estimated in group 4 and 5 cells exhibited at
most a 2.7-fold variation. Values for K in these cells
m
were found to be normally distributed around a mean of
0.295+ 0.049 (SEM, n=6)mM (from a Rankit plot, Fig. 4.20),
two orders of magnitude lower than the apparent K of the
m
low affinity transporter. Thus, the use of curve fitting
procedures confirmed the existence of three separate
transport routes for L-alanine in horse erythrocytes.
In contrast to the constancy in values for
apparent observed for both the high and low affinity
transport systems, large differences are apparent in vmax
among the different transport sub-groups. The mean VmAX of
the low affinity transporter in group 2 cells was 2.8-fold
less than V for group 3 cells. The latter was also 2.4-
—max
fold higher than V_ for the low affinity saturable
component in group 4 cells. Statistical analysis of vmax
for the low affinity transporter in group 2 and group 4
cells showed V to be normally distributed about a mean
—max
value of 2.587+ 0.302 (SEM, n=7) mmol1. cells per h (Fig.
4.21). In contrast, a mean Ymax of 6.792+ 0.144 (SEM,
n«3) mmol1. cell per h was calculated from the linear
Fig . 4 . 21 Rankit plot of the maximumvelocity of
the low affinity saturable component of
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Vmax values for the low affinity
transporter present in group 2 and group 4 cells
( □ ) and in group 3 cells ( ○ ) were estimatedas
shownin Table 4 . 5 .
Rankit
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Rankit plot ( Fig . 4 . 21 ) for group 3 cells . Differencesin
Vmax are also apparent for the high affinity saturable
component of transport . In group 5 cells the mean Vmax
value was 2 . 4 - fold higher than VVmax for the high affinity
componentidentifiedin group 4 cells ( Table 4 . 5 ) .
This kinetic analysis is consistent with the presumed
genotype of each of the five transport sub - groups ( Table
4 . 5 ) ( see also Chapter7 ) . Thus , group 1 - cells lack either
of the saturable systems and are designated ascs , ascs to
indicate that these cells are homozygous for the silent
allele . Group 2 cells exhibit low affinity saturable uptake
( system asc 2 ) , but with half the V ax of group 3 cells .
Therefore , these two sub - groups are designated asc ascs
and asc 1 , asc 1 , respectively, the symbol 1 indicatingthe
presence of the gene coding for system asc 2 activity . The
mixed kinetic properties of group 4 cells are indicated by
the genotype designationasch , asc 1 , whereas group 5 cells
possess only the high affinity transporter . This raises
the question as to which genotype these cells should be
assigned . Both asch , ascs and asch , asch are possibilities
Based on the kinetic analysis in Table 4 . 5 , the V - max of
system ascI activity in group 4 cells is lower than that of
group 5 cells . Thus , the genotype asch , asch would seem
most appropriate for the latter . However , in Chapter 7
( Table 7 . 2 ) it is shown that transport - deficient progeny
( genotype ascs , ascs ) may be produced from crosses
involving horses of sub - group 5 . Therefore , group 5 cells
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must possess the silent allele and be of genotype asch ,
ascs . The difference in Vmax between group 4 and group 5
cells may be explained by the intracellular amino acid
levels in the two cell types ( see Table 6 . 2 , Chapter6 ) .
The presence of system asc 2 in group 4 cells provides a
route for the net loss of intracellularamino acids . As a
result , system asc 1 is less capable of participatingin
exchange reactions and hence the Vmax is diminished . In
contrast , group 5 cells contain higher intracellular amino
acid levels than group 4 cells , especially those that are
substrates of system asch . Thus , stronger exchange
reactions may be expected to occur in group 5 cells
resulting in the increased Vmax observed for system ash .
For these reasons group 5 cells exhibit higher
permeabilitieshan group 4 cells when 0 . 2 mM L - alanine
( 37 ° C ) is used to measuretransportactivity .
The remaining amino acid transport sub - group
unaccounted for is the putative group 6 , presumably of
genotype asch , asch . The predicted frequency of this
genotype in the 100 thoroughbredst sted in Fig . 4 . 1 is
very low ( 0 . 7 % ) . However, the data presentedin Chapter3
suggest that this genotype may be common in other equine
breeds and species ( based on uptake rates at 0 . 2 mM L -
alanine , 37 ° C ) . Notable among these was Przewalski' s
horse . Of the 15 animals tested , all exhibited L - alanine
permeabilitiesabove 640 umol / l . cells per h , the highest
thoroughbred value . To test the possibility that
erythrocytesfrom this speciesrepresentthe missingsub -
Fig. 4.22 Concentration-dependence of L-alanine
uptake (low concentration range) by
Przewalski's horse erythrocytes.
Initial rates of L-alanine uptake were
measured at 37°C in NaCl medium. Data are for four
animals. Values are means of triplicate estimates.
Fig. 4.23 Concentration-dependence of L-alanine
uptake (high concentration range) by
Przewa1 ski 18 horse erythrocytes.
Initial rates of L-alanine uptake were
measured at 37°C in the NaCl medium. Data are for
three animals. Values are means of triplicate
estimates.
Fig. 4.24 Ranklt plot of the Michaelis-Menten
affinity constant for the high affinity
saturable component of aalno acid
transport In thoroughbred and
Przewalski's horse erythrocytes.
Apparent values for the high affinity
transporter present in group 4 and 5 thoroughbred
horse erythrocytes were estimated as shown in Table
4.5. In addition, apparent K values estimated in
Przewalski horse erythrocytes are included in the
plot.
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group , the kinetics of L - alanine uptake were measured over
the low ( 0 . 05 - 5 mM , Fig . 4 . 22 ) and high ( 2 . 5 - 100 mM , Fig .
4 . 23 ) concentrationra ges . From the 10 animals studied ,
erythrocyte L - alanine transport kinetics were most
adequately fitted by the three parameter model . The
estimatedapparent Km and Vmax values were 0 . 373 + 0 . 068 mM
and 2 . 267 ± 0 . 113 mmol / l . cells per h ( SEM , n = 10 ) ,
respectively , with no evidence for the presence of
additional low affinity saturable transport . Statistical
. analysis( by Rankits , Fig . 4 . 24 ) of the apparentKM values
of the high affinity saturable transport component in sub -
groups 4 and 5 and the Przewalski horse data confirmed that
the Km was normally distributedabout a mean of 0 . 334 ±
0 . 028 ( SEM , n = 16 ) mM . In contrast, it is clear that the
mean Vmax of group 5 cells of 1 . 627 + 0 . 154 ( SEM , n = 3 )
mmol / l . cells per h is significantlyless than the V max in
cells from Przewalski' s horse .
In subsequentexperiments, . horses from sub - groups
1 , 3 and 5 were selected to investigate the properties of
the three erythrocyte amino acid transport routes in more
detail .
4 . 2 . 2 f Temperature- dependenceof L - alanine influx
Marked temperature - dependent changes in the
kinetic parameters of carrier - mediated L - alanine transport
have been observed in sheep erythrocytes( Young et al .
1976 ) and human red blood cells ( Young et al . 1983 ) . The
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concentration- dependence of L - alanine uptake in transport -
deficient and transport - positive horse erythrocytesat 37 ° C
( Figs . 4 . 10 , 11 and 12 ) has thereforebeen comparedwith
experimentsat 25 ° C ( Figs . 4 . 25 and 26 ) and 50 C ( Fig .
4 . 27 ) . At 25 ° C , over the high extracellularL - alanine
concentrationrange ( 2 . 5 - 100 mM ) , transport- deficient cells
exhibit a slow linear uptake with concentration( Kd 0 . 0068
h ) ( Fig . 4 . 25 ) . By contrast, L - alanineuptakeby group 3
and group 5 cells was saturable . However , the differences
in Km and Vmax displayed between these two cell types at
37 ° C ( compareFigs . 4 . 11 and 12 ) are less markedat 25 ° C .
This is further emphasised by examination of the kinetics
of L - alanine uptake over a lower concentrationrange ( 0 . 05 -
5 mM , Fig . 4 . 25 ) . The major differencein responseto the
lower temperature is shown by the group 3 cells with a
greater relative increase in affinity for L - alanine and a
correspondingly larger decrease in Vmax compared with group
5 cells . Estimated apparent K values for group 3 and
group 5 cells from the data are 5 . 0 and 0 . 25 mM ,
respectively . Decreasing the incubation temperature to 5 ° C
( Fig . 4 . 27 ) results in further dramatic changes in the
kinetics of L - alanine influx in transport - positive horse
erythrocytes . Transport in group 1 cells was slow and
linear with concentration. In group 5 cells the high
affinity saturable component was distinct with an apparent
Km value of 0 . 10 mM . The most striking feature of the data
is that in group 3 cells , the kinetics of uptake have been
transformedfrom a low affinity for L - alanine to a high
Fig. 4.25 Concentration-dependence of L-alanine
uptake (high concentration range) by
transport-deficient and transport-
positive horse erythrocytes.
Initial rates of L-alanine uptake were
measured at 25°C in NaCl medium. A, group 1
cells;|, group 3 cells; group 5 cells.
Fig. 4.26 Concentration-dependence of L-alanine
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Initial rates of L-alanine uptake were
measured at 25°C in NaCl medium., group 1
cells; I, group 3 cells;£, group 5 cells.
Fig. 4.27 Concentration-dependence of L-alanine
uptake (low concentration range) by
transport-deficient and transport-
positive horse erythrocytes.
Initial rates of L-alanine uptake were
measured at 5°C in NaCl medium. Jk, group 1 cells;
I, group 3 cells; 0, group 5 cells.
affinity (apparent K 0.20mM).m
In summary, decreasing the incubation temperature
from 37 to 25 to 5 C resulted in decreases in the apparent
values of the two saturable uptake mechanisms in horse
erythrocytes thus; 0.34 to 0.25 to O.lOmM in group 5 cells
from 14 to 5 to 0.2mM in group 3 cells, respectively.
This represents an overall fall of 3.4-fold and 70-fold in
apparent between 37 and 5°C in group 5 and group 3
cells, respectively. Similarly, decreases in V were
-max
also marked. From 37 to 25 to 5°C, respective values in
max dr°PPed from 1.69 to 0.35 to 0.008 mmol1. cells per h
in group 5 cells and from 6.9 to 1.25 to 0.004 mmol1.
cells per h in group 3 cells, representing overall
decreases of 211-fold for group 5 cells and 1568-fold for
group 3 cells. It is clear that L-alanine transport in
group 3 cells is more sensitive to temperature than in
group 5 cells, and that at low temperature the kinetic
differences in terms of K and V largely disappearin max
between the two cell types. Non-saturable L-alanine
transport in group 1 cells was also reduced by decreasing
temperature. At 37, 25 and 5°C uptake was 0.18, 0.044 and
0.0075 mmol1. cells per h at 5mM extracellular amino acid,
representing reductions of four—fold between 37 and 25 C
and 5.8-fold between 25 and 5°C. Thus, the overall
decrease in rate between the temperatures studied was 24-
fold. The relative insensitivity of the non-saturable
component of transport to changes in temperature may be
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Time (min.)
Cells from group 5 (A) and group 3 (B)
14
were loaded with L-[U C] alanine to intracellular
concentrations of 0.16 and 10.20 mmol1. cells,
respectively. Cells were allowed to lose
radioactivity into tracer-free incubation medium at
37°C in the presence (A, 0.3mM; B, 15mM
extracellular concentration) or absence (A,;
B, flj) of L-( Q) and D-( Q) alanine.
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considered as additional evidence that this uptake occurs
largely by simple diffusion of amino acid across the lipid
bilayer .
4 . 2 . 2 g L - Alaninefflux
In section 4 . 2 . 1 e evidence was presented
demonstrating that the high affinity saturable component of
transport characterised in this Chapter operates in an
exchange mode . In contrast , the low affinity transporter
shows no such exchangepropertiesat 37 ° C ( Table 4 . 4 ) . The
evidence for these observations was provided by correlating
intracellularamino acid levels with L - [ U 14 C ] alanine
influx . These experiments are limited in the sense that
net intracellular levels of amino acid and not amino acid
efflux per se were measured . Thus , a decrease in
intracellular levels beyond that of the control was assumed
to be due to exchange with the radioactive permeant . This
section describes an alternative approach to the
investigation of exchange versus net transport of amino
acid .
Figs . 4 . 28 A and B . show the time - courseof L -
alanine efflux ( 37 ° C ) from cells of amino acid transport
sub - groups5 ( A ) and 3 ( B ) . In both cases , plots of log
[ intracellular alanine ] versus time were linear during the
experimentalperiod of 40 min . Also apparent from Fig .
4 . 28 A is the ability of external non - radioactiveL - alanine
but not D - alanine ( 0 . 3 mM extracellularconcentration) to
stimulate radiolabelled L - alanine efflux from group 5
Fig. 4.29 Stimulation of L-alanine efflux from
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Initial rates of L-alanine efflux were
measured in the presence of various concentrations
of extracellular L-( 0) and D-( O alanine at
37 C. Results are expressed as% stimulation of
control (efflux in absence of extracellular amino
acid set to 100). The initial intracellular L-
alanine concentration was 0.14 mmol1. cells.
cells. In contrast, extracellular L-alanine (15mM) did not
stimulate tracer efflux above control levels In group 3
cells (Fig. 4.28B). To investigate these phenomena further,
L-alanine efflux was measured in the presence of
extracellular L-alanine concentrations of 0.25-10mM in
group 5 cells (Fig. 4.29) and 2.5-100mM in group 3 cells
(Fig. 4.30). In the former cell type, stimulation of L-
14
[U C] alanine efflux by extracellular L-alanine was
saturable, the maximum stimulation under these experimental
conditions representing a 4.75-fold stimulation over
control values (efflux in the absence of extracellular L-
alanine). The external L-alanine concentration required to
give half-maximal stimulation of efflux was approximately
0.5mM. Extracellular D-alanine was also able to stimulate
intracellular L-alanine efflux. However, the relationship
between the initial rate of L-alanine efflux and the
extracellular D-alanine concentration was linear and less
than stimulation by the L-isomer, resulting in a 3.25-fold
increase in efflux above the control value at lOmM
extracellular amino acid. The converse situation was found
in group 3 cells. In this cell type extracellular D-
alanine was found to modestly stimulate intracellular L-
alanine efflux, whereas extracellular L-alanine had little
effect (approximately 4 and 44 stimulation at lOOmM
extracellular L- and D-alanine, respectively). Therefore,
these experiments confirm the strong exchange properties of
the high affinity saturable component of transport (system
Pie. 4.30 Stimulation of L-alanlne efflux fron
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Initial rates of L-alanine efflux were
measured in the presence of various concentrations
of extracellular L-() and D-( Q) alanine at
37°C. Results are expressed as% stimulation of
control (efflux in absence of extracellular amino
acid set to 100). The initial intracellular L-
alanine concentration was 7.9 mmol1. cells.
asc The results also support earlier evidence suggesting
the lack of exchange properties in horse red cells that
possess the low affinity saturable component of transport.
In the previous section, it has been shown that
transporter affinity for L-alanine in group 3 cells
increases with decreasing temperature. This observation is
relevant to this section in that a reduction of temperature
also affects the ability of group 3 cells to exhibit the
phenomenon of accelerative exchange diffusion; where
virtually none is measurable at 37°C, significant exchange
is found at 25°C. The ability of the low affinity
transporter to participate in exchange reactions at 25°C
has been exploited in Table 4.6 to further explore the
substrate specificity of the system. Relatively high
concentrations of extracellular amino acid were used in
this series of experiments in an attempt to detect amino
acids with very low but still significant affinities for
the transport systems. As can be seen from Table 4.6,
reducing the incubation temperature from 37 to 25°C
generally resulted in increased stimulation (or inhibition)
of L-alanine efflux from group 3 cells. In contrast, the
trend in group 6 cells was to reduce the effects observed
at the higher temperature. Therefore, the following
discussion of results is confined to the temperature that
showed the strongest exchange characteristics in the
different cell types. Thus, at 25°C amino acids (50mM
extracellular concentration) that markedly stimulated
intracellular L-alanine efflux via the low affinity
TABLE 4.6 Effects of aiino acids and temperature on L-alanine efflux
from transport-positive horse erthrocytes
Amino acid transport subgroup
(presumed genotype)
Temperature
Stimulation of L-alanine efflux
Group 3 (ascasc) Group 5 (ascasc8)















































































































The initial intracellular L-alanine concentrations in group 3 and group 5 cells
were 8.81 and 0.14 mmol1. cells and extracellular amino acids were present at
50 and 5mM, respectively. Figures in parentheses indicate an inhibition of
efflux.
transporter (group 3 cells) were L-alanine L-serine
alpha-aminoisobutyrate L-cysteine L-valine L-alpha-
amino-n-butyrate and glycine. The stereoselectivity of the
system was reconfirmed by the small stimulation of efflux
by D-alanine and the lack of stimulation by D-alpha-amino-
n-butyrate, compared to their L-isomers. The importance of
the alpha-amino group was emphasised by the lack of
stimulation shown by gamma-amino-n-butyrate and taurine.
Proline also failed to stimulate L-alanine efflux, as did
sarcosine, demonstrating intolerance of N-methylation of
substrates of the system (cf. glycine). The larger neutral
amino acids were found to inhibit L-alanine efflux thus; L-
leucine, L-isoleucine L-norvaline L-phenylalanine L-
threonine L-glutamine L-asparagine L-methionine.
Notable among these for their inhibitory effects are L-
norvaline and L-threonine as they were found to stimulate
L-alanine efflux in group 5 cells. Thus, at 37°C amino
acids (5mM extracellular concentration) that most readily
stimulated L-alanine efflux from group 5 cells were; L-
serine L-alpha-amino-n-butyrate L-alanine L-threonine
L-valine L-cysteine L-norvaline L-alpha-
aminoisobutyrate. The lack of significant stimulation of
L-alanine efflux via the high affinity transporter by D-
alanine and D-alpha-amino-n-butyrate emphasise the
structural requirements of the alpha-carbon atom.
Stimulation of efflux by glycine was weak, whilst
stimulation by sarcosine was negligible, demonstrating
intolerance of N methylation by the system. The importance
of the alpha-amino group was demonstrated by the lack of
®imulation of L—alanine efflux by gamma—amino—n—butyrate
and taurine. Increasing the length andor branching of the
amino acid side-chain, the presence of relatively bulky
groups or the introduction of an aromatic ring all markedly
decreased the degree of stimulation. Thus, L-leucine, L-
isoleucine and the straight chain analogue L-norleucine did
not stimulate L-alanine efflux from group 5 erythrocytes.
The presence of the sulphur atom in the straight amino acid
side-chain of L-methionine also resulted in lack of
stimulation of efflux. The bulky groups caused by the
branching of L-asparargine and L-glutamine side-chains and
the aromatic ring of L-phenylalanine were also not
tolerated by the system.
4.2.2h Characterisation of the low affinity saturable
component of L-alanlne transport in teras of a
simple carrier aodel
The contrasting properties of the low affinity
amino acid transporter in group 3 cells at 25 and 37°C,
made this system amenable to a more comprehensive kinetic
analysis. The apparent lack of significant exchange at
37°C allowed group 3 cells to be loaded with L-alanine at
this temperature. The concentration-dependence of the
initial rate of L-[U14C] alanine efflux at 25°C
(intracellular concentration ranging from 0.33 to 41.5
mmol1. cell water) was measured into substrate free
Fig. 4.31 Concentration-dependence of L-alanlne
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L-Alanine (mM)
Cells were loaded with different
concentrations of L-[U14C] alanine at 37°C. Each
point represents the initial rate of L-alanine
efflux (final haematocrit approximately 2) measured
with four samples taken over a 15 min period at
25 C. The straight line is the estimated
contribution of the non-saturable component.
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incubationmedium ( zero - trans conditions, Fig . 4 . 31 ) .
Efflux was saturable , the kinetic constants for exit
were calculated after subtraction of a non - saturable efflux
component , estimated to be parallel with efflux at the high
L - alanine concentrations. The observed parameters were ,
apparentKK 4 . 3 mM and Vmax 1 . 65 mmol / l . cells per h . In
Fig . 4 . 32 the kinetics of equilibrium- exchangeinflux of L -
alanine in group 3 horse erythrocytes were measured at
25 ° C . Cells were pre - loaded with L - alanine ( intracellular
concentrationsof the non - radioactive amino acid 0 . 33 to
34 . 6 mmol / l . cell water ) and the inwardflux of L - [ U 14 C ]
alanine measured when the L - alanine concentrations were
identical on both sides of the membrane . Under these
conditions , influx was saturable and the kinetic constants
were calculated after subtraction of the estimated non -
saturable component of transport . The observed apparent K
value was 22 mM with a Vmax value of 5 . 79 mmol / l . cells per
h . The kinetic parametersestimated from Figs . 4 . 31 and
32 and Figs . 4 . 25 and 26 ( for zero - trans L - alanine influx )
are summarisedin Table 4 . 7 . From the data in Table 4 . 7 ,
it is possible to calculate the ratio Vmax / Km , representing
a composite rate constant governing facilitated diffusion
of substrate across the membrane at low concentrations when
the transporter is far from saturation . Thus , the ratios
of Vmax / Km should be equal for influx , efflux and exchange
reactions . This is predicted for both the simple pore and
the simple carrier models of Lieb and Stein ( 1974 a and b ,
TABLE 4.7 L-Alanine transport across the horse erythrocyte aeabrane
PrnrftHn r»n
Experimental Values














Simple carrier resistance parameters









Independent estimates of simple carrier affinity parameter K







Mean (+SD)= 2.80 (+0.6) mM
Experimental values were calculated from Fig. 4.25, 26, 31 and 32, for L-alanine transport
into and out of horse erythrocytes from a single horse (SI60)(genotype asc ,asc) at 25°C.
Fig 4.32 Equl1lbrlua-exchange influx of L-alanine
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Cells were loaded with different
concentrations of non-radioactive L-alanine at 37°C.
Initial rates of L-[U1C] alanine uptake (25°C) were
measured with the extracellular tracer concentration
equal to the intracellular non-radioactive L-alanine
concentration. The straight line is the estimated
contribution of the non-saturable component.
respectively). The values In the present work were
found to be 0,25, 0.38 and 0.26 for influx, efflux and
exchange, respectively. The simple pore has been rejected
as an appropriate model for the transporter for two
reasons. First, the low affinity system displays trans-
acceleration at 25°C (Fig. 4.32), a phenomenon not observed
with the simple pore. And second, the resistance term R
oom
has a value 0 (Table 4.7, middle panel). This parameter
refers to the resistance time taken for the transporter
to orientate the binding site from one side of the membrane
to the other and back again in the absence of permeant and
is calculated from the reciprocals of the Vmax values for
influx, efflux and exchange (Table 4.7). This parameter is
the fundamental difference between the two models, as R
oo
is not defined for the simple pore.
Thus, having rejected the simple pore, the data in
Table 4.7 has been tested according to the conventional
form of the simple carrier model (Fig. 4.33)(Lieb, 1982).
The K values (upper panel, Table 4.7) have been used to
—m
estimate, independently and redundantly, the affinity
parameter K (lower panel, Table 4.7). The three estimates
of K are in fairly good agreement within experimental
error. Since all of the experimental data has been used
(three V values and three K values) to redundantly
-max_ ~~2L
estimate the four independent observable simple carrier
parameters, it is clear that the amino acid transporter has
passed all of the possible tests (6-4=2) for the simple
carrier using the data at hand. Thus, there is currently
Fig . 4 . 33 The conventionaltwo - complex formulation
of the simple carrier model .
k 1
E 1 E 2
k 2
S 1 f 1 b 1 f 2 S 2b 2
g 1
ES 1 ES 2
g 2
The carrier is assumed to be non -
concentrative and the substrate uncharged , so that
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no reason to assume any model more complicated than the
simple carrier model for the transport of L - alanine by the
low affinity saturable component in horse erythrocytes .
On the basis of the steady state measurements
presented in this Chapter , it is not possible to obtain
values for the individual experimentally inaccessible rate
constantsof the scheme in Fig . 4 . 33 , nor even for their
ratios . Only certain bounds can be calculated as there are
more independent rate constants in the kinetic scheme than
there are independent observable transport parameters .
Using the values of R 12 , R 21 and Ree from Table 4 . 7 and
inserting these into the inequality derived by Lieb ( 1982 ) ,
useful bounds for certain ratios of simple carrier
molecular rate constants may be obtained . Thus , at 25 ° C
the system appears to be symmetrical , as the rate constants
kl and k 2 for interconversionof the empty carrier
conformationsmay be equal , differing at most by about two -
fold .
Therefore , in the absence of permeant the
concentrations of these two conformations will be similar .
zt
From the experimentalfinding that Vee > Vzt 1 - 2 it is clear
that the acceleration of the cis to trans unidirectional
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flux is due to the increase in the trans concentrationof
permeant . This implies that the conformational changes
involved in switching the accessibility of the binding site
from one side of the membrane to the other occur more
rapidly when a permeant molecule is bound to this site ( g 1
and g 2 ) than when this site is empty ( k 1 and k 2 ) .
Similarly, the rate constants( b 1 and b 2 ) . that refer to
release of a bound permeant molecule from the binding site
on one side must also be greater than the rate constant ( k 2
and k 1 , respectively ) for the conformationalchange that
makes the free binding site accessible to this side . These
last two features together account for the trans -
acceleration phenomenon observed with L - alanine transport
by the low affinity carrier at 25 ° C .
4 . 2 . 3 Amino acid transport via the anion - exchange
system
From Table 4 . 1 and Fig . 4 . 7 it can be seen that
there is a significant difference between glycine uptake in
transport - deficient and transport - positive cells . Efflux
experiments shown in Table 4 . 6 suggest that glycine is
transported by the two saturable influx routes , but with a
low affinity . Previous work has demonstrated that glycine
transport may occur via the erythrocyte anion - exchange
transport system in human red cells ( Ellory et al . 1981 a )
and in sheep erythrocytes( Young et al . 1981 a ) . To test
this possibility in horse erythrocytes , the effects of SITS
Fig. 4.34 Tiae-course of glycine uptake by huaan
and transport-deficient horse erythro¬
cytes.
The glycine concentration was 0.2mM.
Uptake was measured in K2S04 medium (pH 8.0) at
37°C in the presence (open symbols) and absence
(solid symbols) of SITS (20uM final concentration).
Circles, human; squares, group 1 horse erythrocytes.
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(a specific anion transport inhibitor, see Chapter 1 and
Chapter 2) on glycine transport was contrasted in
transport-deficient horse and human erythrocytes.
Experiments were performed in 150mM-K2SO4, 15mM-MOPS (pH
8.0 at 37°C) in order to eliminate Na-dependent glycine
uptake by system Gly and system ASC in human erythrocytes
(see Chapter 1, Table 1.2).
Fig. 4.34 shows the time-course of glycine uptake
(0.2mM extracellular amino acid)in the presence and absence
of SITS (final concentration 20jiM) in transport-deficient
horse and human erythrocytes. Glycine uptake was more
rapid in the latter species. The SITS-insensitive
component of uptake in human cells was approximately of the
same magnitude as glycine uptake in the absence of SITS in
horse erythrocytes. The results demonstrate that 60% of
the Na-independent glycine uptake by human cells in the
experimental period of 3h was SITS-sensitive. In
transport-deficient horse erythrocytes the SITS-sensitive
component of glycine transport represented 80% of the total
glycine transport.
The concentration-dependence of glycine uptake in
the presence and absence of SITS (20pM) is shown in Fig.
4.35. In both human and horse cells uptake was linear with
concentration, transport being more rapid in human
erythrocytes. The SITS-sensitive components of uptake
represented 69 and 82% of the total flux at 50mM
extracellular glycine in human and transport-deficient
horse erythrocytes, respectively. It is the negatively
Fig. 4.35 Concentration-dependence of glycine
uptake by huaan and transport-deficient
horse erythrocytes.
Initial rates of glycine uptake were
measured at 37°C in K.SO. medium at pH 8.0, in the2 4
presence (open symbols) and absence (solid symbols)
of 20uM SITS. Circles, human; squares, group 1
horse erythrocytes.
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charged form of glycine that is presumably transported by
the anion transport system.
L-Glutamate, which is largely anionic even at
neutral pH,*might also be considered a likely candidate for
transport by this route. Although L-glutamate uptake by
human and horse cells is very low, a significant fraction
of it was found to be SITS-sensitive. Thus, of the total
L-glutamate uptake in human erythrocytes in K2SO4 media
(2.56 ]lmol/l. cells per h), 54% was SITS-sensitive.
Similarly, 51% of L-glutamate uptake by transport-deficient
horse erythrocytes was SITS-sensitive. Therefore, glycine
and glutamate (and cysteine, Young et al. 1981a) may enter
erythrocytes by the Band 3 anion-exchange transporter,
although at a slow rate. These amino acids are required
for intracellular GSH biosynthesis (Chapter 1). At
physiological pH (7.4) and an amino acid concentration of
0.2mM it was found that 37% of glycine uptake by transport-
deficient horse erythrocytes is SITS-sensitive, suggesting
that this route may be of physiological importance in
provision of glycine for intracellular metabolic
requirements. As shown in Fig. 4.35, under non-
physiological conditions (high pH and high extracellular
amino acid levels) glycine flux via Band 3 is greater than
that via some of the conventional amino acid transporters.
The finding that SITS-sensitive glycine uptake by
human and transport-negative horse erythrocytes
is considerably greater than SITS-sensitive glutamate
Fig. 4.36 Concentration-dependence of PCMBS
Inhibition of L-alanine uptake.
Incubations in the presence of PCMBS
were for 1 h at 1°C. L-Alanine uptake (0.2mM, 37°C)
was measured in human( Q, shown as the difference
between uptake in NaCI and KCI media), sheep( Q
in NaCI medium) and horse( A, group 3 cells;,
group 5 cells) erythrocytes.
89
uptake measured under the same conditions confirms previous
studies (Young et al. 1981a) suggesting that the anion-
exchange transporter has the ability to discriminate
between different amino acid structures. In contrast,
amino acids, that are not transported by Band 3 include
proline, valine, threonine and notably alanine (Young et
al. 1981a).
4.2.4 Effects of PCMBS on L-alanine transport
Previous work has demonstrated that L-alanine
transport by system ASC in human erythrocytes is more
sensitive to inhibition by the thiol reactive agent PCMBS
than L-alanine transport by system C in the sheep red cell
(Young, 1980 Ellory, Wolowyk and Young, 1984). To
investigate the effects of-PCMBS on amino acid-transport by
the horse erythrocyte systems asci and asc2, the
concentration-dependence (0.5-300pM) of PCMBS inhibition of
L-alanine uptake (0.2mM, 370C) by human, horse (group 3 and
5) and sheep erythrocytes was measured (Fig. 4.36). Data
for human cells represents the effect of PCMBS on the Na-
dependent (ie. via system ASC component of L-alanine
uptake. PCMBS was a surprisingly potent inhibitor of
system ASC activity, 50% inhibition caused by 1pM PCMBS.
In contrast, L-alanine uptake by horse erythrocytes, with
either the high or low affinity transporter, was relatively
insensitive to inhibition by PCMBS over the concentration1
range studied (approximately 14% inhibition at 0.3mM
PCMBS). L-Alanine uptake by sheep erythrocytes appeared to
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be intermediate between that of human and horse in its
sensitivity to PCMBS inhibition, 50% inhibition of the
control uptake caused by 0.1mM PCMBS. This is in agreement
with previous results using this thiol-reactive agent to
inhibit amino acid transport in sheep erythrocytes (Young,
1979, 1980). Thus, there would appear to be marked
species differences in the PCMBS-sensitivity of erythrocyte
L-alanine transport (human (system ASC sheep (system C,
>horse (system asc).
4.2.5 Effect of pH on amino acid transport
Vadgama and Christensen (1984) have shown that a
general property of system ASC in the pigeon and human
erythrocyte, as well as other cultured cell types, is its
ability to transport anionic amino acids at low pH. Thus,
transport of neutral amino acid substrates is decreased
with lowered pH. Furthermore, anionic amino acids show
increased Na-dependent uptake at low pH, and an increased
ability to inhibit Na-dependent neutral amino acid -uptake.
To test whether these characteristics apply to system aac ,
Table 4.8 shows the effect of pH on amino acid transport in
horse erythrocytes.
L-Alanine uptake (0.2mM, 370C) by group 5 horse
erythrocytes with the high affinity transporter was
markedly reduced (68%) upon lowering the pH of the
incubation medium from 7.5 to 5.5 (Table 4.8). In
contrast, L-glutamate and L-aspartate influx increased with
TABLE 4.8 Effect of pH on amino acid transport in group
5 horse erythrocytes
Extracellular pH
Amino acid 7.5 5.5
L-Alanine uptake 568 182
plus L-glutamate 562 173
L-Glutamate uptake 2.15 3.38
plus L-alanine 1.36 2.52
A A 7L-Aspartate uptake 10.85
plus L-alanine 3.50 8.40
plus L-glutamate 5.00 9.99
Initial rates of amino acid uptake (pmol/l. cells per h)
were measured at 0.2mM and 37°C in the presence and
absence of non-radioactive amino acids (10mM, final
concentration) in NaCl media.
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decreased pH (57 and 114%, respectively). A 50-fold excess
of L-glutamate caused very slight( 5%) inhibition of L-
alanine uptake at pH 7.5 and 5.5, whereas L-alanine (10mM
final concentration) was able to cause modest inhibition of
L-glutamate and L-aspartate uptake (0.2mM, 370C) at pH 7.5
and 5.5 (37 and 26%, and 31 and 23%, respectively). These
results suggest that system asci of the horse erythrocyte
appears more sensitive to lowering of pH than system ASC of
the human erythrocyte (Vadgama and Christensen, 1984) and
system ASC of the pigeon red cell (Christensen and Vadgama,
1984). The results also suggest that system asci may
transport anionic amino acids to a modest extent as judged
by L-alanine-sensitive components of L-glutamate and L-
aspartate uptake. However, alanine-sensitive L-glutamate
uptake was not significantly increased at lower pH (cf.
system ASC).
These two Sections (4.2.4 and 4.2.5) have compared
systems ASC and asc in respects other than their kinetic
properties. It is apparent that although system ASC and
asc show certain similarities in aspects of their kinetic
behaviour, they differ with respect to PCMBS sensitivity
and the effects of pH.
4.2.6 Kinetics of L-alanine transport in other equine
species
The marked differences in the kinetic properties
of amino acid transport in thoroughbred (and presumably
pony breeds) may also exist in other equine breeds and
Fig. 4.37 Concentration-dependence of L-alanlne
uptake by onager and zebra erythrocytes.
Initial rates of L-alanine uptake were
measured at 37°C in NaCl medium. onager;
Hartmann,s zebra; Grevy's zebra.
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species. From Chapter 3, the range of erythrocyte L-
alanine permeabilities exhibited by the donkey, for
example, encompass transport rates characteristic of both
the low and high affinity transporters described in this
Chapter. In fact, the highest uptake rates exceeded the
highest transport rates observed in Przewalski's horse
erythrocytes, suggesting that the transport sub-group 6 may
also be found in donkey red cells. Of the zebra species
tested, the variation in transport activity observed
covered the range seen in thoroughbreds. Concentration-
dependence studies with L-[U14C] alanine (Fig. 4.37)
revealed that erythrocytes from Hartmann's zebra exhibited
kinetic characteristics similar to those of the low
affinity transporter in group 3 thoroughbred erythrocytes
at 370C. Intraspecies differences were observed in the two
Grevy zebras tested. For one individual, the kinetics of
L-alanine uptake closely resembled those of group 5
thoroughbred erythrocytes, whereas, in the other animal
uptake was more characteristic of group 2 cells. The most
striking contrast is that shown by erythrocytes from the
single onager tested. From Fig..4.37 and 38 the estimated
apparent Km value was 3.0mM with a max of 6.5 mmol/l.
cells per h and K of 0.026h-1. The measured K value isd m
much too high for it to be considered a high affinity
carrier, but is much lower than the Km value of the low
affinity component in thoroughbred erythrocytes. At 0.2mM
L-alanine, the carrier would contribute an uptake of 0.4
Pie- 4.38 Concentration-dependence of L-alanlne
uptake (high concentration range) by
onager erythrocytes
Initial rates of L-alanine uptake were
measured at 37C in NaCl medium.
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mmol/1. cells per h. This is in agreement with the
measured uptake of 0.45 mmol/l. cells per h in Table 3.1
(taking into account the contribution of non-saturable
uptake). This is well above low affinity carrier uptake
but very close to high affinity transporter rates. It is
apparent therefore that the amino acid transport
polymorphism characterised in thoroughbred horse
erythrocytes is only part of a greater and more complex
diversity of amino acid transport function in equine
species.
4.3 DISCUSSION
The major finding of the present work is that
horse erythrocytes are divisible into distinct kinetic
phenotypes on the-basis of their permeability to L-alanine.
Kinetic analyses revealed that thoroughbred horse
erythrocytes possess three separate amino acid transport
routes a non-saturable component, a low affinity saturable
and a high affinity saturable route. Erythrocytes from
individual horses exhibit different kinetic properties
depending upon the presence of different combinations of
the presence or absence of carrier-mediated low or high
affinity transport systems. Table 4.9 summarises the
kinetic properties of these systems and indicates their
contributions to uptake at an approximate physiological
plasma concentration of 0.2mM.L-alanine.
At physiological temperature, the basic difference
observed between systems asc1 and asc2 is in their measured
TABLE 4.9 Components of amino acid uptake characterised in equine erythrocytes
Amino acid transport
component




































Subscripts asc and asc represent low affinity (allele asc) and high affinity
(allele asc) saturable components of uptake, respectively. The test substrate was
L-alanine at 37 C. Includes data from erythrocytes of Equus przewalskii, all
other data from E. caballus. Values are expressed as(± SEM); K, mM; V and
contribution at 0.2mM L-alanine, mmol1. cells per h; n, number of~3rnimals. ax
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apparent Km values for amino acid influx. -Apparent K m does
not represent a true measure of carrier affinity, but Is a
complex group of rate constants involving carrier movement
across the membrane as well as those governing permeant
binding and dissociation. The apparent Km value of system
ascs for L-alanine influx is dramatically reduced upon
lowering the incubation temperature, whereas the
corresponding effect on system asc1 is less marked. At
5°C, the differences between the two systems in both K m and
Vmax are minimised. As the temperature is lowered system
ascs begins to exhibit trans-acceleration, a feature not
observed at 37°C.
The key question to be resolved is the origin of
the kinetic differences between systems asc1. and asc2. It
should first be noted that the kinetic parameters reported
for system asc1 (Table 4.5) were not determined under true
zero-trans conditions due to the presence of relatively
high intracellular concentrations of system ascs substrates
(approximately 1.6 mmol/l. cells)(Table 4.3). Indeed, the
measured apparent K and Vmax (0.35mM and 1.69 mmol/l.
cells per h for asch, ascs cells) may be considered to
approximate equilibrium-exchange values. On the other
hand, the apparent Km and Vmax for equilibrium-exchange
influx at 37°C in ascl, ascs cells will be equivalent to
those determined for zero-trans influx (13mM and 2.6
amol/l. cells per h) since this transporter does not
exhibit trans-acceleration at this temperature.
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The reciprocals of these Vmax values therefore
approximate to Ree for systems asci and asc (0.59 and 0.39
h/mmol/l. cells, respectively). In other words,it appears
that Ree, a .measure of the mobility of the loaded carrier,
is similar for the two transporters. For trans-acceleration
to occur, Roo Ree, Therefore for system asci R 00 is
estimated to be 0.59 h/mmol/1. cells. In contrast, R
00
for system asc,, will be 0.39 h/mmol/l. cells. That is to
say, there is a major difference between systems asc and
asp2 in the mobility of the em t carrier.
Roo is defined as (1/k1+ 1/k2 )(Fig. 4.33, see
also Lieb, 1982). These rate constants (k1, k2) also
appear in the affinity parameter K (ki/f1+ k2/f2+
b1k1/f1g1). Therefore, large differences in (ki, k2)
between the two carrier systems would give rise to
reciprocal large differences in K. Thus, a difference in
the mobility of the unloaded carrier between systems asci
and asc2 would explain the observed differences in apparent
Km of the two carrier systems. Similarly, a differential
effect of temperature on R00 for the two transporters would
also explain the observed differences in Km and VV max as a
function of temperature, the two R00 values converging at
low temperature.
Studies with other erythrocyte membrane transport
systems have found that low temperature affects the
mobility of the empty carrier in broadly similar ways
(Hoare, 1972a,b; Jarvis, Hammond, Paterson and Clanachan,
1983 Plagemann and Wohlheuter, 1984).
96
The present results suggest close similarities
between systems ASC, C -and the horse erythrocyte amino acid
transporters. The high affinity and low affinity horse
erythrocyte transporters have therefore been given the
provisional designations system asc1 and asc2,
respectively. The lower case letters in accordance with a
recent proposal on nomenclature to recognise the Na-
independence of the system (Bannai, Christensen, Vadgama,
Ellory, Englesberg, Guidotti, Gazzola, Kilberg, Lajtha,
Sacktor, Sepulveda, Young, Yudilevich and Mann, 1984).
System ascQ is likely to be the horse equivalent of the
sheep system C. The proposal that system C is a low
affinity variant of system ASC which has lost its Na-
dependence (Young and Ellory, 1977a Young et al. 1980)
has therefore now been extended to the horse' erythrocyte
systems ascI and asc2. In the case of system C the
possibility that the Na+ requirement may be lost during the
physiological differentiation of the sheep reticulocyte to
the mature erythrocyte has been investigated (Tucker and
Young, 1980).
Several lines of evidence suggest a link between
the human, sheep and the two horse erythrocyte amino acid
transport systems. First, the substrate specificity of all
four transport systems shows remarkable similarity, notably
the uptake of L-alanine, L-serine and L-cysteine (dibasic
amino acids), and in the Na-independent systems L-valine.
For example, system ASC and the high affinity variant
system asc of the horse erythrocyte both have a high
affinity for L-alanine at 37°C (approximately, 0.2 and
0.3mM, respectively). The low affinity system asc variant
and system C_have relatively low affinities for L-alanine
(approximately 13 and 16mM, respectively at 37°C). Thus,
in the horse erythrocyte we find a link between the two
extreme forms of the alanine-serine-cysteine system; high
affinity, Na-dependent (system ASC) compared with system
ascl (high affinity, Na-independent) and low affinity, Na-
independent (systems C_and asc). Second, the four systems
all show a high degree of stereoselectivity, characteristic
of system ASC in a variety of cell types. Thus,
stereospecificity of L- over D-alanine at 0.2mM amino acid
may be ranked system C_ system asc system asc system
ASC in the red blood cell. Third, system ASC as defined in
a number of other cell types including the pigeon
erythrocyte operates preferentially in an exchange mode
(Thomas and Christensen, 1971; Christensen, 1979). This is
also the case for the high affinity system asc (and low
affinity system asc2 and system C_at 25°C) but apparently
not for the human erythrocyte system ASC at 37°C (Al-Saleh
and Wheeler, 1982).
An independent investigation using pigeon
erythrocytes has also identified a system designated asc
(Vadgama and Christensen, 1985a). However, it is not
immediately clear to what extent the properties of the
pigeon erythrocyte system asc resemble the horse
erythrocyte amino acid transporters. The former system has
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been dissected out from other transport systems in the
pigeon erythrocyte (notably systems ASC and k) primarily on
the basis of cross-inhibition studies in the absence of
Na Thus, 'the relative affinities of the system for its
preferred substrates (L-alanine, L-serine, L-threonine and
L-valine) are not known. The conclusions drawn by Vadgama
and Christensen as to the origin of this system are at
variance with those discussed in this Thesis. Vadgama and
Christensen (1985a) suggest that system asc, although
resembling system ASC, does not represent a physiologically
or genetically differentiated variant of system ASC. They
argue that binding of Na+ with substrate defines system ASC
selectivity to the extent that major changes in substrate
specificity would be an inevitable consequence of loss of
co-substrate action by Na+. This topic is discussed further
in the next Chapter which studies the interactions of
dibasic amino acids with systems asci and asc.
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CHAPTER 5
DIBASIC AMINO ACID




The preceding Chapter presented detailed
justification for the division of horse erythrocytes into
kinetically distinct phenotypes on the basis of their
permeability to L-alanine. By way of conclusion it was
proposed that the amino acid transport systems in horse
erythrocytes (designated systems asci and asc ) are Na-
independent variants of system ASC (as originally defined
by Christensen, Liang and Archer (1967) in the Ehrlich
ascites tumour cell and subsequently in other cell types,
see Christensen (1979) for a review). If this is the case,
.it would be predicted that the modified transporters may
have retained residual or altered Na-binding sites within
their amino acid translocation sites. Such sites may or may
not accept Na+. In either case, the ion is no longer
required as a functional co-substrate in the transport of
amino acid.
A key feature of system ASC is its ability to
interact with dibasic amino acids, the positively charged
amino or guanidinium group of the amino acid side-chain
interacting with the Na-binding site (Thomas and
Christensen, 1971). Thus it has been reported that L-
arginine is an effective Na-independent inhibitor of the
reticulocyte and pigeon ASC systems (Thomas and
Christensen, 1970). The 0.2mM permeability data presented
in Table 4.1, Chapter 4 suggest that dibasic amino acids
are substrates for systems asc1 and asc2. The objective of
the experiments presented in this Chapter was to explore
Fig. 5.1 Concentration-dependence of L-ornithine
uptake by transport-positive and
transport-deficient horse erythrocytes.
Initial rates of ornithine uptake were
measured at 37°C, in the presence of Na+.(£),
group 5 cells;( Q group 3 cells;( A). group
1 cells. Values are means of triplicate estimates.
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the interaction of dibasic amino acids - with the horse
erythrocyte transporters in more detail . Three erythrocyte
phenotypes were used cells possessing the high affinity
transporter ( group 5 ) , the low affinity transporter ( group
3 ) and transport- deficientcells ( group 1 ) .
5 . 2 RESULTS
5 . 2 . 1 Concentration- dependencestudies
Figs . 5 . 1 , 2 and 3 comparethe concentration-
dependenceof L - ornithine, L - lysine and L - arginine uptake ,
respectively , by amino acid transport - deficient horse
erythrocytes , cells possessing the low affinity transporter
and cells possessing the high affinity transporter . The
extracellularconcentrationrange was 2 . 5 - 100 mM for each
amino acid and the incubation temperaturewas 37 ° C . Uptake
of all three dibasic amino acids by transport - deficient
cells was slower than transport - positive erythrocytes and
linear with respect to concentration . However , differences
in rate were apparent( 2 . 027 , 0 . 459 and 0 . 270 mmol / l . cells
per h at 100 mM extracellularL - ornithine, L - lysine and L -
arginine , respectively) . Thus , L - ornithine influx in
transport - deficient horse erythrocytesis 4 . 4 - fold greater
than L - lysine and 7 . 5 - fold greater than L - arginine which
showed the lowest permeability( 1 . 7 - fold lower than that of
L - lysine ) . These results correspond with previous
measurements of dibasic amino acid transport in transport -
Fig. 5.2 Concentration-dependence of L-lyslne
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L-Lysine (mM)
Initial rates of lysine uptake were
measured at 37°C, in the presence of Na+.(%),
group 5 cells;( Q), group 3 cells;(), group
1 cells. Values are means of triplicate estimates.
Fig. 5.3 Concentration-dependence of L-arginine
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L-Arginine (mM)
Initial rates of arginine uptake were
measured at 37°C, in the presence of Na+.( 0),
group 5 cells;( Q 9rouP 3 cells; A) group
1 cells. Values are means of triplicate estimates.
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deficient cells at 0.2mM extracellular concentration (Table
4.1, Chapter 4).
In contrast, transport-positive cells- exhibited
additional saturable components of dibasic amino acid
transport which conformed to simple Michaelis-Menten
kinetics. Kinetic constants were calculated by Hanes
(1932) analysis of the data (corrected for the non-
saturable component of uptake in transport-negative cells).
The measured apparent Km and V max values are presented in
Table 5.1. Thus, it can be seen that in cells with the low
affinity transporter, L-arginine has a similar apparent Km
value as L-alanine (Fig. 4.12, Chapter 4), an optimal
substrate of the system. In contrast, the transporter
affinity for L-ornithine and L-lysine was very low. The
Vmax values given by the latter two amino acids cannot be
determined with any accuracy but are most likely in the
same range as the Vmax for L-alanine uptake. The most
striking feature of the low affinity transporter data in
Table 5.1 is that, despite having a similar Km value to L-
alanine, L-arginine transport has a 77-fold lower VVmax0
These data raise the possibility that this poorly
transported amino acid may be an effective inhibitor of
system asc2.
Kinetic constants calculated for dibasic amino
acid transport in cells with the high affinity transporter
were markedly different (Table 5.1). Thus, L-arginine
uptake has an apparent Km approximately two-fold higher
than that measured for the low affinity transporter.
TABLE 5.1 Kinetic constants for neutral and dibasic aalno acid transport in transport-
positive horse erythrocytes
Amino acid Group 3 cells (ascasc) Group 5 cells (asch,asc8)
























Kinetic parameters were measured in transport-positive cells (see Chapter 4 for sub-group
designation) possessing the low affinity and high affinity transporters. Presumed
genotypes are shown in parentheses.
Furthermore, the apparent value for L-arginine uptake is
approximately 90-fold higher than the apparent K for L-
—m
alanine transport by the high affinity component. The
differences for L-arginine and L-alanine transport
by the high affinity transporter are not as marked as for
the low affinity system, V for the former amino acidiiiqX
being only three-fold lower than that of the latter.
Similarly, max values for L-ornithine and L-lysine uptake
are in the same region as Vmax for L-alanine transport.
However, the affinities of these dibasic amino acids for
the high affinity transporter are 90- and 30-fold lower
than L-alanine, respectively.
5.2.2 Cross-inhibit ion studies
To investigate whether or not dibasic and neutral
amino acids share common routes for transport across the
horse erythrocyte membrane, saturable L-alanine uptake in
the two cell types (0.3mM for the high and 15mM for the low
affinity transporter) was measured in the presence of
various concentrations of L-ornithine, L-lysine and L-
arginine (O-lOOmM, Fig. 5.4). The two L-alanine
concentrations (0.3 and 15mM) were chosen to be close to
the apparent K values for L-alanine transport in the two
m
cell types at 37°C. Data for transport-positive
erythrocytes shown in Fig. 5.4 were corrected for the
contribution of the non-saturable component of amino acid
uptake (which was not inhibited by dibasic amino acids) by
Fig. 5.4 Effects of L-ornithine, L-lysine and L-
















Initial rates of L-alanine uptake were
measured at extracellular concentrations of 15mM
( O' group 3 cells) and 0.3mM( 0, group 5
cells) and 37°C. Data for both cell types was
corrected for L-alanine uptake by transport-
deficient cells under the same experimental
conditions and expressed as% of the uninhibited
value. Values are means of triplicate estimates.
using L-alanine uptake values measured in transport-
deficient cells under the same experimental conditions.
Concentrations of dibasic amino acids causing 50
inhibition of L-alanine uptake by the two transporters are
presented in Table 5.2. In cells with the low affinity
transporter, L-arginine was found to be the most effective
inhibitor of L-alanine transport. Decreasing the amino
a
acid side-chain (L-lysine, L-ornithine) resulted in a loss
of inhibition compared with L-arginine. In contrast, L-
lysine was the most effective inhibitor of L-alanine
transport in cells possessing the high affinity
transporter. L-Ornithine and L-arginine were less
effective inhibitors causing 50 inhibition at
approximately 50mM extracellular amino acid. Therefore,
either increasing or decreasing the amino acid side-chain
results in approximately a four-fold loss of inhibition
compared with L-lysine in cells with the high affinity
transporter. In the case of the high affinity transporter,
the concentration of L-lysine (12mM) required to inhibit
uptake by 50 was 40-fold higher than the L-alanine
concentration. In contrast, in cells with the low affinity
transporter, the concentration of L-arginine (14mM)
necessary to inhibit L-alanine uptake by half was
essentially the same as the L-alanine concentration.
Thus, the experiments shown in Fig. 5.2 confirm the
different relative affinities of dibasic amino acids for
the high and low affinity horse erythrocyte amino acid
transporters. The relative abilities of different dibasic
TABLE 5.2 Concentrations of inhibitory aaino acid required to cause 50%





























The concentration of L-alanine used to measure uptake was 15 and 0.3mM
(37°C) in group 3 and group 5 cells, respectively. Dibasic amino acid
uptake was measured at 0.2mM. Presumed genotypes are shown in parentheses.
Fig. 5.5 Effects of L-alanine on L-ornithine, L-
lysine and L-arginine uptake by
transport-positive horse erythrocytes.

















Initial rates of dibasic amino acid
uptake were measured at 0.2mM and 37°C in
group 3 cells; group 5 cells. Data was
corrected for dibasic amino acid uptake by
transport-deficient cells under the same
experimental conditions. Results are means of
triplicate estimates and are expressed as% of the
uninhibited value.
amino acids to inhibit L-alanine uptake in the two
transport-positive cell types correspond well with their
apparent values for transport (Table 5.1).
The complementary cross-inhibition experiments to
those presented in Fig. 5.4 are shown in Fig. 5.5. Dibasic
amino acid uptake was measured at 0.2mM and 37°C, in the
presence of various concentrations of L-alanine (0-10mM for
dibasic amino acid uptake in cells with the high affinity
transporter and O-lOOmM for uptake measured in cells
possessing the low affinity carrier). As in the previous
series of experiments, the contribution of non-saturable
dibasic amino acid uptake (as measured in transport-
deficient cells) was subtracted from the transport-positive
cell data. The results demonstrate that L-ornithine, L-
lysine and L-arginine (0.2mM) transport may be inhibited by
L-alanine. Transport of all three dibasic amino acids in
cells with the low affinity carrier were inhibited to 50
of their control values (measured in the absence of
inhibitor) by approximately a 50-fold excess of L-alanine
(Table 5.2). In cells possessing the high affinity
transporter, similar inhibition profiles were also observed
for each of the dibasic amino acids studied, 50
Inhibition occurring at L-alanine concentrations in the
region of lOmM (Table 5.2).
5.2.3 Effects of dibasic amino acids on neutral aaino
acid efflux
Competition experiments suffer from the limitation
that an analogue that inhibits the transport of another is
not necessarily transported by the same system (see
Christensen, 1969 for a review). This section describes an
alternative experimental approach, measuring the ability of
a series of dibasic amino acids to stimulate the efflux of
intracellular radioactive L-alanine. Under initial rate
conditions, at very low haematocrit (1-2) the observed
stimulation of efflux is not the result of inhibition of
back-flux by extracellular amino acid but an example of
accelerative exchange diffusion as defined by Stein (1967).
Thus, in these circumstances the stimulation of efflux is
attributed to an influx of external amino acid by the same
transport system, the transporter reorientating more
rapidly than would otherwise occur (see also Chapter 4).
Table 5.3 shows the effect of extracellular
dibasic amino acids on L-alanine efflux from the two
transport-positive cell types. As detailed in Chapter 4,
the low affinity transporter only exhibits weak exchange
properties at 37°C. At 25°C significant exchange can be
measured. In cells possessing the high affinity
transporter exchange occurs at both temperatures, but is
more marked at 37°C. Therefore, under conditions where
exchange is greatest in cells with the low affinity
transporter (25C), L—alpha, beta—diamino propionate
5.3 Effects of dibasic amino acids on L-alanine efflux from transport-
positive horse erythrocytes
















































Dibasic amino acids were present at extracellular concentrations of 50mM (group 3
cells) and 5mM (group 5 cells). Intracellular L-[U C]alanine levels were 8.8 and
0.15 mmol1. cells for group 3 and 5 cells, respectively. Percentage stimulation (or
inhibition) was calculated with respect to L-alanine efflux in the absence of
extracellular amino acid (set to 100$). Data for system taken from Young and
Ellory (1977a), for sheep erythrocytes. Extracellular amino acids were present at
50mM, for the sheep cell experiment and the intracellular L-alanine concentration was
9.2 mmol1. cells. Numbers in parentheses indicate an inhibition of efflux.
exhibited the highest stimulation of L-alanine efflux.
However, under the experimental conditions described, this
amino acid (pKg 6.73) behaves almost entirely as a
neutral amino acid (an analogue to serine and
alanine)(Christensen and Handlogten, 1969). Thus, its
interaction with the transporter is likely to be as a bona
fide neutral substrate. Increasing the length of the amino
acid side-chain resulted in a three-fold decrease in the
ability of L-2,4-diamino-n-butyrate to stimulate L-alanine
efflux, relative to L-alpha, beta-diamino propionate.
Further increases in side-chain length (L-ornithine and S-
ethyl-cysteine) were associated with a similar degree of
efflux stimulation, with L-lysine (and D-lysine) and its
analogue S-2-amino ethyl-L-cysteine showing weak exchange
properties (approximately two-fold less than L-2,4-diamino-
n-butyrate). Inhibition of L-alanine efflux was shown by
D-ornithine and D-arginine with L-arginine showing the
greatest inhibitory effect (76).
In cells possessing the high affinity transporter,
the short chain L-alpha, beta-diamino propionate showed the
greatest stimulation of intracellular L-alanine efflux,
presumably for the reasons stated above. In contrast to
the low affinity transporter, the amino acid with the
longest side-chain in the series, L-arginine, interacted
with the high affinity transporter to give a stimulation of
L-alanine efflux. However, of all the L-isomers of the
dibasic amino acids tested, stimulation of efflux by L-
arginine was least effective. Stimulation by the D-isomer
of the latter compared to the L—isomer was decreased seven¬
fold. Stimulation by D-arginine was of the same magnitude
as for D-lysine and D-ornithine, thus emphasising the
structural requirements of the alpha-carbon atom.
Decreasing the length of the amino acid side-chain resulted
in a marked stimulation of L-alanine efflux (S-2-amino
ethyl-L-cysteine L-lysine). A further decrease in side-
chain length also showed stimulation (S-ethyl-cysteine L-
ornithine) although to a lower extent than the longer chain
analogues (S-2-amino ethyl-L-cysteine S-ethyl-cysteine
L-lysine L-ornithine). A still further decrease in side-
chain length (L-2,4-diamino-n-butyrate) resulted in
stimulation of L-alanine efflux similar to that for the
longest amino acid side-chain tested (L-arginine). The
sulphur containing analogue of L-lysine showed a 1.7-fold
greater stimulation of L-alanine efflux than the latter.
Also, the sulphur containing amino acid S-ethyl-cysteine
showed a 1.8-fold increase in stimulation of efflux
compared to the dibasic amino acid of equivalent side-chain
length, L-ornithine.
By way of contrast, the effects of extracellular
amino acids (concentration 50mM) on L-alanine efflux from
transport-positive sheep erythrocytes are shown in Table
5.3. Four of the amino acids tested showed similar modest
abilities to stimulate L-alanine eflux thus, L-alpha, beta-
diamino propionate L-ornithine S-2-aminoethyl-L-
cysteine L-lysine. In marked contrast to the horse
erythrocyte systems as and asc, L-2,4-diamino-n-butyrate
caused a marked stinulation of L-alanine efflux via system
C_. L-Arginlne had no effect on L-alanine efflux via system
C_ and in this respect the sheep erythrocyte amino acid
transporter resembles system asc.
A limitation of the data presented in Table 5.3 is
that the extracellular concentrations of amino acid used to
measure effects on L-alanine efflux were relatively high (5
and 50mM for the high and low affinity transporters,
respectively). Such concentrations were used in an attempt
to detect amino acids with very low, but still significant
affinities for the transport systems. Thus, the data does
not provide information as to the relationship between the
extracellular amino acid concentration and the rate of
stimulation for inhibition) of intracellular amino acid
efflux. Therefore, L-alanine efflux rate constants were
measured at physiological temperature (37°C) as a function
of extracellular amino acid concentration for the L-isomers
of the three naturally occurring dibasic amino acids
tested. The results are presented in Figs. 5.6A and B. In
agreement with the results in Table 5.3, L-ornithine was
found to weakly stimulate L-alanine efflux from cells
possessing the low affinity amino acid transporter.
Stimulation was small and linear with L-ornithine
concentration, reaching a value approximately 13$ above
control at the highest L-ornithine concentration of lOOmM.
In contrast, extracellular L-lysine and L-arginine caused
an inhibition of L-alanine efflux in this cell type.
Fig. 5.6 Effects of dibasic aslno acids on L-
























Dibasic Amino Acid (mM)
A, group 5 cells; B, Group 3 cells.
Symbols:( Q) L-ornithine,(£) L-lysine,
( O L-arginine. Intracellular L-[U14C] alanine
levels were 0.18 and 10.9 mmol1. cells for group 5
and group 3 cells, respectively.
However the relationship between the extracellular amino
acid concentration and the initial rate of L-alanine efflux
was different for these dibasic amino acids. In the case
L-lysine, inhibition of L-alanine efflux was rather
weak, resulting in a 16 inhibition of efflux at lOOmM
amino acid. Inhibition of L-alanine efflux by L-arginine
was considerable, and hyperbolic with respect to L—arginine
concentration, 50 inhibition apparent at 3mM extracellular
L-arginine (Fig. 5.6B). In marked contrast, L-arginine
showed little effect on the initial rate of L-alanine
efflux in cells with the high affinity transporter. In
this cell type both L-ornithine and L-lysine were able to
stimulate L-alanine efflux. Stimulation by L-ornithine was
small and linear with respect to concentration (65
stimulation of control value at lOmM extracellular L-
ornithine). In contrast, stimulation of efflux by L-lysine
was saturable. The external L-lysine concentration
required to give half-maximal stimulation (as judged from
stimulation at the highest L-lysine concentration in the
experiment) was approximately 2.5mM.
5.3 DISCUSSION
The major findings from the experiments described
in this Chapter are that dibasic amino acids interact and
are transported by the amino acid carrier systems present
in horse erythrocytes. Most notably, L-arginine has a
relatively high affinity for system asCg. This has
important mechanistic and physiological implications, for
erythrocyte amino acid transport in general, and the horse
red cell in particular.
The differences in dibasic amino acid permeability
between transport-positive and transport-deficient cells
(Table 4.1, Chapter 4) have been confirmed in the present
work. Direct evidence that dibasic and neutral amino acids
m p
share a common route for transport in horse erythrocytes
has been provided by the kinetic and cross-inhibition
experiments presented in this Chapter. The transport of
dibasic amino acids by a system selective for neutral amino
acids is not implausible. Thus, Christensen (1975, 1979,
1984) has discussed how the position of hot spots in the
amino acid side-chain have been exploited to describe a
novel interaction between a neutral amino acid plus Na+ and
the Na-independent system Ly in Ehrlich ascites tumour
cells and rabbit reticulocytes (Christensen and Antonioli,
1969; Christensen and Handlogten, 1969; Christensen et al.
1969). The quasi-substrate was found to produce a Na-
dependent inhibition of Na-independent transport.
Conversely, dibasic amino acids have been shown to produce
a Na-independent inhibition of Na-dependent amino acid
transport (by system ASC) in the pigeon red blood cell
(Christensen, Thomas and Handlogten, 1969; Thomas and
Christensen, 1970). In this case, the positively charged
terminal amino or guanidinium group is supposed to act as
surrogate for Na+.
A key observation of the present work is the
interaction of arginine with system asc2 of the horse
erythrocyte. A similar observation has been reported by
Thomas and Christensen (1970). Arginine was found to be an
effective inhibitor of L-serine uptake by system ASC in the
pigeon red blood cell. Thus, the apparent value of L-
arginine inhibition was approximately two-fold lower than
that of D—arginine, which in turn was five-fold lower than
apparent values for L—ornithine and L-lysine.
Physiologically, the ability of the low affinity system
asc2 transporter in horse red cells to interact with
dibasic amino acids, has important implications for normal
erythrocyte amino acid transport function. An inherited
deficiency of the enzyme arginase in the erythrocytes of
some horses, results in high concentrations of L-arginine
being accumulated in these cells (up to 2mM)(Chapter 6).
The interaction of this amino acid with the low affinity
transporter raises the possibility that arginine may act as
an endogenous modulator of system asc2- the effects being
manifested through a trans-inhibition of the transporter in
arginase-deficient cells due to the very low Vax observed
for L-arginine transport (see also Chapter 6). This may
represent a novel mechanism for the regulation of cellular
amino acid transport.
The mechanism by which dibasic amino acids are
able to interact with systems asc1 and asc2 is presumably
attributable to the presence of a positively-charged group
in the amino acid side-chain. Thus, the data in Table 4.6
(Chapter 4) provide an important comparison between the
interactions of neutral amino acids with side-chain lengths
equivalent to the dibasic amino acids tested in Table 5.3.
It can be seen that increasing side-chain length results in
a loss of ability to stimulate L-alanine efflux from the
two cell types. Thus, L-serine, L-cysteine and L-alpha-
amino-n-butyrate (equivalent to L-alpha, beta—diamino
propionate in size) vigorously stimulate L-alanine exodus
by both transport systems. For system asc, L-leucine, L-
isoleucine and L-norvaline (analogous to L-2,4-diamino-n-
butyrate with respect to size) all show significant
inhibition of L-alanine efflux. This suggests an
interaction with, but poor transport of these amino acids
by system asc. Similarly, L-leucine and L-isoleucine
produced modest inhibition of L-alanine efflux in cells
with the high affinity transporter. On the other hand, L-
norvaline was a good substrate for the system. L-
Methionine and L-norleucine (compare to L-ornithine)
produced relatively weak interactions with the low affinity
transporter and essentially did not interact with the high
affinity transporter. Therefore, unless the transport site
can dramatically depress protonation of the basic group,
these latter observations suggest that net positive charge
plays an important role in the interaction of long amino
acid side-chains with both horse erythrocyte amino acid
transport systems. Christensen et_ al_. (1969) found that L-
methionine and L-norleucine were able to exert a Na-
independent inhibition of system ASC in the Ehrlich cell
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and pigeon erythrocytes , not associated - with their own
transport . These authors considered it likely that apolar
binding by these amino acids at the transport site could
obstruct Na + binding ( the binding more stable in the
absence of Na + ) and hence prevent transport ( see Fig . 1 of
Thomas and Christensen, 1970 ) . The weak interactionsof L -
methionine and L - norleucine with the horse erythrocyte
amino acid transporters may be a consequence of the systems
having lost their Na - dependence.
In conclusion , the interaction of dibasic amino
acids with systems asc 1 and asc , ( particularly arginine
inhibition of system asc 2 ) closely parallels the effects of
dibasic amino acids on system ASC . Thus providing evidence
that the horse erythrocyte amino acid transporters may
possess residual or modified Na - binding sites that permit
the binding and transport of dibasic amino acids , but no
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6.1 INTRODUCTION
Amino acid transport deficiency in erythrocytes of
the Finnish Landrace breed of sheep affects cell viability.
Thus, perturbed amino acid transport (notably L-cysteine)
results in GSH deficiency and an accumulation of
intracellular amino acids (particularly L-lysine) which is,
associated with a concomitant reduction of intracellular
cations (Na++ K+). Consequently, cells with the membrane
transport defect are more susceptible to oxidative stress
and have a diminished potential life-span (see Young and
Tucker, 1983 for a review). The objective of the work
described in this Chapter was to assess the effects of
amino acid transport deficiency on GSH, cation and amino
acid levels in horse erythrocytes. Haematological values
for blood from normal and amino acid transport-deficient
horses are also presented.
6.2 RESULTS
6.2.1 Haematology
Table 6.1 shows the results of haematological
studies undertaken to establish whether defective amino
acid transport (group 1 cells) results in any gross
erythrocyte abnormality. The parameters measured in the
first eight columns of Table 6.1 are standard ones and
were found to be within normal limits (Allen and Archer,
1973). The two methods used to measure cell water content,
(drying to constant weight or isotopically using 3H 2 0) were
TABLE 6.1 Haematological values of thoroughbred horses of different amino acid transport types
Amino acid
transport group
Hb RBC PCV MCV MCH MCHC PV WBC CELL WATER ELECTROLYTES



































































Values are means+ SEM of 5 animals of each type, except electrolytes and cell water estimations (three and two animals of each type,
respectively). Abbreviations used are; Hb (haemoglobin concentration), RBC (red blood cell count), PCV (packed cell volume), MCV (mean
cell volume), MCH (mean cell haemoglobin), MCHC (mean corpuscular haemoglobin concentration), PV (plasma viscosity), WBC (white blood
cell count).
in broad agreement with each other. No differences between
the transport types were observed for this parameter, with
the possible exception of group 1 cells. Estimates for
the latter cells tended to be, on average, between 2 and 5
lower than corresponding values for transport-positive
cells. This was not associated with an altered MCV, MCH or
MCHC, in agrement with results obtained for low-GSH sheep
erythrocytes (Tucker and Ellory, 1971). Significant
differences were found for Na+ and K+ levels in transport-
negative and transport-positive erythrocytes. Red cell Na+
levels for group 1 cells were 36 lower than the mean value
of transport-positive cells (groups 2 to 5). Similarly, K+
levels were also reduced by 19 in group 1 cells compared
to transport-positive cells. Total cation (Na++ K+)
levels for transport-deficient cells were approximately 71
mmol1. cells compared to an average of 89 mmol1. cells
for transport-positive erythrocytes. Thus, a discrepancy
of some 18 mmol1. cells is apparent. These results
closely resemble those found in high- and low-GSH Finnish
Landrace (Finn) sheep erythrocytes, in which a reduction of
approximately 20 mmol1. cells of Na++ K4 is found between
the former and the latter (Tucker and Kilgour, 1970; Tucker
and Ellory, 1971). The missing cations were accounted
for by high levels of dibasic amino acids in the low-GSH
erythrocytes (Ellory, et_ al_- 1972).
6.2.2 Aaino acid levels of horse erythrocytes
To investigate this possibility in horse red
cells, amino acid analyses were performed on freshly washed
erythrocytes (Table 6.2). In addition to the five
thoroughbred transport groups, Table 6.2 also presents data
for Przewalski1s horse erythrocytes. These animals may be
equivalent to the group 6 phenotype with respect to amino
acid transport activity (Chapter 4).. Compared to
transport-positive cells, group 1 cells were found to have
elevated levels of nearly all the amino acids detected,
with the possible exception of large neutral amino acids
(eg_. methionine, isoleucine, phenylalanine and leucine).
However, the most striking difference between transport-
deficient and transport-positive cells is that the former
contain very high concentrations of lysine. Another amino
acid present at high concentrations in both transport-
deiicient and transport-positive thoroughbred horse
erythrocytes was alpha-aminoadipic acid, a degradation
product of lysine. In contrast, this compound was not
detected in erythrocytes from Przewalskis horse. There was
also another marked species difference with respect to
intracellular sarcosine levels. Sarcosine was not detected
in thoroughbred erythrocytes of the different transport
sub-groups. In contrast, erythrocytes from Przewalskis
horse contained very high concentrations of sarcosine, as
well as higher concentrations of small neutral amino acids
(eg. glycine, alanine, serine, valine and threonine). The
TABLE 6.2 Amino acid levels in horse erythrocytes washed free of plasma
Amino acid transport sub-group
Amino Acid 1 2 3 4 5
































































































































































































































































Mean values+ SEM for the number of animals indicated (n) expressed as pmol1. cells. Amino acid transport
sub-groups 1 to 5 are thoroughbred horse erythrocytes. ND, not detected.
117
differences in the levels of the latter amino acids
observed between transport group 4 and group 5 bears on the
behaviour of these sub-groups in the 0.2mM L-alanine
uptake assay (Chapter 3). Cells from the aforementioned
transport groups possess the high affinity (system asc)
transporter, which operates in a preferred exchange mode
(extracellular amino acids entering in exchange for
intracellular amino acids, Chapter 4). Although group 4
cells possess an additional component of transport activity
(system asc2), this carrier may represent a net efflux
route, thus lowering the amino acid levels in these cells.
Therefore the Vmax of the system asc1 component is
diminished as a result (Table 4.5, Chapter 4). At 0.2mM L-
alanine.the higher Vmax of system asc1 activity (due to the
higher intracellular amino acid levels) results in sub-
group 5 exhibiting higher permeability than group 4,
despite the fact the latter possesses both system as c and
asc.2 activity.
Data in Table 6.2 are for erythrocytes that were
washed in incubation medium prior to amino acid analysis.
Therefore, it is possible that significant quantities of
amino acid were lost from the cells. To examine this
possibility, samples of whole blood from two animals of
each sub-group were centrifuged (15 min, 150008) and the
plasma removed for amino acid analysis. The cell pellet
was also analysed for amino acid content. Cellular levels
of amino acid were corrected for plasma contamination
(approximately 5%) using 3H-inulin and 14C-glutamate as
TABLE 6.3 Horse plasaa and erythrocyte amino acid levels
Amino acid transport sub-group
Erythrocyte (umol1. cells) Plasma (pM)




























































































































































































































































Means of two animals of each type except PRZ (Przewalski1s horse) which are mean values from four
individuals. ND, not detected.
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space markers . Data for erythrocyte amino acid levels in
Tables 6 . 2 and 6 . 3 were in good agreementwith no major
discrepancies between the amino acids detected . Plasma
levels for all the amino acids detected were similar
between the different sub - groups . Erythrocytes from groups
4 , 5 and Przewalski ' s horse were found to contain higher
concentrations of small neutral amino acids than
correspondingplasma levels ( eq . alanine , serine , valine
and threonine ) . In contrast , plasma and erythrocyte levels
of these amino acids in group 2 and 3 cells were
approximately equal . No significant differences between
transport - positive erythrocyte and plasma levels for large
neutral amino acids were found . Dibasic - amino acid levels
( lysine and alpha - aminoadipic acid ) were higher in
erythrocytes compared to plasma in both transport - positive
and transport - negative cells . Similarly , sarcosine levels
in plasma were remarkably low in comparison with red cell
levels in Przewalski ' s horse erythrocytes.
6 . 2 . 3 The arginase status of horse erythrocytes
The horses selected for erythrocyte amino acid
analyses were chosen from discreet transport types ( as
defined in Chapter 4 ) but were otherwise picked at random .
It was therefore interesting to find large differences in
arginine and ornithine concentrations in erythrocytes from
individual animals . The cellular concentrations of the
latter two amino acids have been presented separately in
TABLE 6.4
Dibasic aaino acid concentrations of aalno acid






























































































PRZ, erythrocytes from Przewalski's horse; NT,
not tested; ND, not detected;-, arginase-deficient;+,
arcrinase-positive.
Table 6.4 because there is a reciprocal relationship
between their levels relative one to another. This is due
to either the presence or absence of the enzyme arginase.
Normally, this enzyme catalyses the conversion of arginine
to ornithine and urea. However, in some cases, erythrocyte
arginase deficiency results in arginine accumulating in red
cells (as this amino acid is poorly transported by the
transport systems of horse red cells). Thus, from Table
6.4 it can be seen that four of the amino acid transport
group 1 animals tested possessed arginase-deficient
erythrocytes as judged by the intracellular accumulation of
approximately 2 mmol1. cells arginine. In contrast,
erythrocytes from one animal (S134) (arginase-positive
type) accumulated approximately 2 mmol1. cells ornithine
in place of arginine. These observations based on amino
acid analyses were confirmed by a spot-test used to detect
erythrocyte arginase activity (Young and Wright, 1977).
Cells from two of the transport-positive type horses listed
in Table 6.4 were arginase-positive, the remainder being
arginase-deficient.
Extending the arginase screening test to a larger
number of animals confirmed that arginase deficiency was
widespread in thoroughbreds, and more than amino acid
transport deficiency. Of the 201 thoroughbreds tested in
Table 6.5, just over three-quarters had arginase-deficient
red blood cells. In contrast, approximately half of the
rrnRRbred nonies tested were arginase-negative.
Arginase deficiency also occurs in sheep
TABLE 6.5 Distribution of arginase in equine erythrocytes
Thoroughbred Pony
Arginase type Arginase type
Number of animals 153 48 26 30
O 76 24 46 54
Values refer to numbers of animals.+, arginase positive
-, arginase-deficient.
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erythrocytes has been shown to be under -genetic control
(Wright et al. 1977). To investigate this possibility in
horse erythrocytes family data was collected using the
alkali-vanillin spot-test of Young and Wright (1977) to
detect the presence or absence of erythrocyte arginase
(Table 6.6). The results suggest that the two arginase
types (positive and negative) represent the products of two
allelomorphic genes arginase-negative. animals being
homozygous for a gene specifying zero activity (a), and
arginase-positive animals comprising individuals
heterozygous or homozygous for a gene specifying high
activity (A).
The previous Chapter demonstrated that
extracellular arginine may inhibit intracellular L-alanine
efflux from cells that possess the low affinity amino acid
transport system. Thus, assuming a symmetrical system, the
arginase status of the cell will bear directly on the
transport activity exhibited by that cell. Thus, an
arginase-deficient cell will accumulate high concentrations
of arginine in place of ornithine, the former effecting a
trans-inhibition of the carrier with respect to permeating
extracellular substrates. In contrast, cells from arginase-
positive type animals would not accumulate arginine and
therefore not exhibit a trans-inhibition of transport.
Such modulation of transporter activity might contribute to
the occasional misclassification of group 2 and 3 animals
based on the assay of L-alanine transport activity (0.2mM,
TABLE 6.6 The inheritance of erythrocyte arginase types
in Australian thoroughbred horses
Parental arginase type Offspring arginase type
Stallion Mare
(1) (2) 2 0
(2) (7) 6 1
(6) (12) 4 8
(10) (45) 0 45
Values refer to numbers of animals.+, arginase
positive;-, arginase-deficient.
Fig. 0.1 Distribution of erythrocyte GSH
concentrations and L-alanine transport
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L-Alanine Uptake (pmoll. cells per h)
Initial rates of L-alanine influx (0.2mM
extracellular concentration) were measured at 37°C.
Each symbol represents one animal. GSH estimations
were performed by the DTNB method described in
Chapter 2. Animals were all lambs of approximately
three months of age.
37°C)(see Chapter 7).
6.2.4 6SH levels In horse erythrocytes
Perturbed amino acid transport activity in
Finnish Landrace sheep erythrocytes results in GSH
deficiency. This relationship between amino acid
transport activity and intracellular GSH levels in sheep
erythrocytes observed by Young et_aL- (1982) is reconfirmed
in Fig. 6.1. The results, for a group of 42 Finnish
Landrace lambs (age 3 months), clearly show that animals
with the transport lesion have a reduced erythrocyte GSH
concentration (mean 1.6+ 0.1 mmol1. cells (SEM, n=ll)).
The transport-positive animals exhibit a bimodal
distribution with respect to L-alanine transport activity,
one group in the range 103- 148 jimol1. cells per h, the
other in the range 171- 228 pmol1. cells per h (0.2mM L-
alanine, 37°C). The former transport group had a lower
mean red cell GSH concentration than the latter group.
Values were 3.6+0.1 (21) and 4.3+0.1 (10) mmol1. cells
(+ SEM, (n)), respectively, representing a reduction of 16
(p 0.01, students t-test). The two transport-positive
groups represent animals heterozygous and homozygous for
the gene coding for the functional presence of amino acid
transport activity (Young et al. 1982).
Similar plots of amino acid transport activity
versus erythrocyte GSH concentration are shown for 56
crossbred ponies in Fig. 6.2 and 201 thoroughbred horses in
Figs. 6.3 and 6.4. In contrast to sheep, pony erythrocytes
Fig. 6.2
Distribution of erythrocyte GSH
concentrations and L-alanine transport
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Initial rates of L-alanine influx (0.2mM
extracellular concentration) were measured at 37°C.
Each symbol represents one animal. GSH estimations
were performed by the DTNB method described in
Chapter 2.
Fig.6.3 Distribution of erythrocyte GSH
concentrations and L-alenine transport
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Initial rates of L-alanine influx (0.2mM
extracellular concentration) were measured at 37°C.
Each symbol represents one animal. GSH estimations
were performed by the DTNB method described in
Chapter 2.
Fig. 6.4 Distribution of erythrocyte GSH
concentrations and L-alanine transport
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Initial rates of L-alanine influx (0.2mM
extracellular concentration) were measured at 37°C.
Each symbol represents one animal. GSH estimations
were performed by the DTNB method described in
Chapter 2.
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exhibited fairly constant GSH concentrations. Only two
animals with amino acid transport-deficient erythrocytes
were identified, the measured GSH levels being within the
normal range'of the transport-positive animals (2-4 mmol/l.
cells). The results for thoroughbred horses (Figs. 6.3 and
6.4) exhibit a complex relationship between amino acid
transport activity and GSH levels. Thus, amino acid
transport deficiency was associated with low erythrocyte
GSH levels, but only in some animals. Furthermore, low GSH
levels were observed in some transport-positive animals
with intermediate L-alanine transport activity in the range
25- 110 imol/l. cells per h.
A re-plot of GSH versus L-alanine transport
activity for the transport-deficient animals is shown in
Fig. 6.5 using an expanded scale for amino acid
permeability. It is apparent that there is a relationship
between red cell GSH concentration and the degree of
transport deficiency, cells with the lower transport rates
having low GSH levels. Group 1 cells with the higher
transport rates exhibit normal GSH concentrations. This
contrasts with the situation in sheep erythrocytes where
even relatively high influx rates in the transport-
deficient group are still associated with partial GSH
deficiency (see Fig. 6.1). The transport-deficient sheep
cells in Fig. 6.1 have L-alanine uptake rates in the region
18- 24 pmol/l. cells per h. This range is higher than
that normally found for transport-negative type sheep and
Fig. 6.5 Relationship between aiino acid
transport deficiency and GSH
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The data for transport-deficient animals
are taken from Fig. 6.3 and re-plotted on an
expanded scale. Linear regression analysis of GSH
versus transport activity gave a correlation
coefficient, 0.68.
is most likely because the animals used in the present
study were lambs of approximately three months of age (see
also Young et al_. 1978).
The GSH levels reported in Figs. 6.1- 6.5 were
determined by the non-specific thiol reagent, DTNB (see
Methods Chapter 2). Additional GSH assays performed
using the specific enzymatic assay of Griffith (1980)
confirmed that DTNB accurately reported the GSH status of
horse cells from all transport sub-groups, including
transport-negative cells with apparently high levels of
GSH. The non-specific DTNB method gave on average values
12$ higher than the enzymatic method (from a comparison of
50 individuals). This may reflect the presence of small
amounts of non-GSH thiol in horse erythrocytes (see also
Young et al., 1975b) or systematic methodological
discrepancies between the two assay methods (see Methods
Chapter 2).
6.2.5 Nuclear aagnetic resonance spectroscopy (NMR)
NMR has been successfully applied to characterise
the arginase status, GSH and amino acid levels in sheep
erythrocytes (Rabenstein, et al. 1985). Therefore, in the
present study this technique was used as an additional
method to confirm the biochemical measurements of horse
erythrocytes presented in this Chapter. H—NMR was
performed on cells from ten horses (six transport-positive
and four transport-negative. Of the transport-deficient
animals, three had erythrocytes with GSH levels in the
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normal range and three had low - GSH erythrocytes. Two of
the transport - positive animals were representativeof sub -
group 4 and two were from group 5 . These latter four
horses all had high - GSH erythrocytes. The NMR results were
entirely consistent with the GSH levels determined by the
colorimetric and enzymatic assays . GSH resonances were
observed in spectra from all - the animals and the GSH
signals were most intense in those samples having the
highest GSH levels . Lysine resonances were also observed
in the spectra of both transport - positive and transport -
negative cells , with the transport - deficient erythrocytes
exhibiting the most intense signals . These observations are
consistent with the results of the amino acid analyses
( Table 6 . 2 ) . Either arginine or ornithine was present in
all the samples tested . The absence of arginine in the
spectra of three animal ' s erythrocytes , was interpreted to
mean that the cells were arginase - positive . Arginase
activity determined qualitatively using the spot - test
described previously confirmed this conclusion . One
feature of interest apparent from the NMR measurements was
that the ergothioneine signal for horse erythrocytes is
less than that of sheep or human erythrocytes.
Signals observed for the protons on the imidazole
ring of histidine provided a built - in indicator of the
intracellular pH ( Rabenstein and Anvarhusein, 1982 ) . There
was no difference in intracellular pH between transport -
deficient[ 7 . 425 ± 0 . 037 ( 7 . 37 - 7 . 48 ) and 7 . 427 ± 0 . 020
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( 7 . 40 - 7 . 44 ) ( 6 ) ] and transport- positive[ 7 . 415 + 0 . 028
( 7 . 39 - 7 . 44 ) and 7 . 445 ± 0 . 041 ( 7 . 40 - 7 . 50 ) ( 4 ) ] [ mean+
SD , range ( n ) ] erythrocytesdeterminedfrom two - different
resonances , respectively , on the histidine imidazole ring .
It is important to note that these pH values were obtained
without any perturbationof the cells ( other than washing ) ,
the presence of free histidine in horse red blood cells
allowing a non - invasive measurementof intracellular pH .
6 . 3 DISCUSSION
The results of this Chapter confirm and extend , in
a different species , the earlier work of Ellory , Tucker and
Young studying a membrane transport defect for amino acids
in sheep erythrocytes . Many of the present observations on
horse erythrocytes parallel and complement the sheep work .
However , there are also some important differences between
the two species with respect to amino acid transport
deficiency and its consequences .
One major similarity between transport - deficient
horse and sheep erythrocytes is that both these cell types
contain high concentrationsof lysine . This may reflect a
general characteristic of erythrocyte amino acid transport
deficiency . A simple electrophoretic ninhydrin screening
test was developedby Ellory et al . ( 1972 ) to detect the
high concentrations of dibasic amino acids in sheep
haemolysates . Unfortunately , the test is difficult to apply
to horse erythrocytes because of the high frequency of
arginase deficiency . Horse cells which lack this enzyme
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tend to accumulate high concentrations of arginine
irrespective of whether they are transport-deficient or
transport-positive, since this amino acid is poorly
transported by the system asc1 and asc2 carriers. Arginine,
ornithine and lysine co-migrate on the cellulose acetate
strips used in the screening test. Interestingly, arginase
deficiency was found to be -widespread in thoroughbred
horses as well as ponies. Two hundred-and fifty seven
animals consisting of thoroughbreds and ponies were
classified as to red cell arginase type (positive or
negative). Arginase deficiency was found more often in
thoroughbreds and this difference was statistically
significant (p 0.001). These results conflict with those
of Owczarczyk and Barej (1975) who examined 30 horses
(breed unspecified) and found all to have arginase-positive
erythrocytes. Arginase deficiency was also detected in the
erythrocytes of one of the four Przewalski horses tested,
as judged from erythrocyte arginine and ornithine levels.
Deficiencies of this enzyme have been previously described
in man (Terheggen, Lavinha and Colombo, 1972) and Macaca
fasicularis (crabeater macaque)(Shih, Jones, Levy and
Madigan, 1972) as well as in sheep. Arginine has been
reported to accumulate to relatively high concentrations (1
mmol/l. cells) in arginase-deficient M. fasicularis
erythrocytes.
As in sheep and M. fasicularis the two major
erythrocyte arginase types in horses appear to be under the
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control of a pair of autosomalalleles ( Arg A and Arga ) .
Arg A codes for ar inase activit a
9 y whereas Arg codes for
zero activity . Arginase - deficient horses ( negative - type )
are therefore Arga , Arga while arginase - positive horses are
either heterozygous( Arg A , Arga ) or homozygous( Arg A ,
Arg A ) . Thus , the widespread occurrence of genetically
controlled arginase deficieny should prove useful in horse
blood - typing ( Fincham, Mason and Young , 1985 b . )
It is unlikely that mammalian erythrocytes possess
a fully functional urea cycle ( Nishibe , 1974 Owczarczyk
and Barej , 1975 ) . The role of arginase in red blood cells
is therefore uncertain . The data presented in this Thesis
raise the possibility that this enzyme ( or rather its
absence ) exerts a pleiotropic inhibitory effect on system
asc 2 activity . Thus , the interaction of arginine
accumulated due to arginase deficiency may provide an
example of how a genetic defect in one system can affect
the phenotypic expression of another system . Further
investigations of arginase - deficient erythrocytes are
needed to clarify the role of this enzyme in erythrocytes .
Amino acid transport deficiency in horse
erythrocytes does not necessarily result in GSH deficiency .
In contrast , transport - deficient sheep erythrocytes are
always GSH - deficient . This suggests that horse red cells
are less sensitive to diminished availability of amino
acids for GSH biosynthesis than sheep cells . Support for
this conclusion comes from the finding that there is a
correlation between L - alanine permeability and erythrocyte
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GSH concentrtion within the transport - negative sub - grouping
( Fig . 6 . 5 ) . The data presentedin Fig . 6 . 5 were taken from
a screening of thoroguhbredsfor L - alanine transport type
( Figs . 6 . 3 and 6 . 4 ) using relativelylow specific activity
L - [ U 14 C ] alanine and an incubationtime designed to measure
initial rates of uptake in transport - positive cells . As a
result , the very slow uptake of . L - alanine by the
transpsort - negative cells was not measured with the
accuracy that might be achieved using different
experimental conditions . This might account for some of
the experimental scatter in the data . Nevertheless , the
data clearly demonstratea three - fold range in L - alanine
permeability , with a correspondingfour - fold range in GSH
concentration .
The observed range of L - alanine permeabilitiesin
transport - negative type horses may be too great to be
attributed simply to diffusion of amino acid across the
lipid bilayer and there is the possibility that the degree
of amino acid transport deficiency is graded or of more
than one type . As an example , serum cholinesterasein man
exhibits two null alleles , one coding for zero activity ,
the other coding for 2 - 4 % residual activity ( Harris ,
1980 ) . It should be noted that the distributionof L -
alanine transport activity in the transport - negative
grouping is not normal , most animals exhibiting activities
in the upper part of the range ( and therefore having high
GSH) .
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It should also be noted that transport - deficient
horse erythrocytesare , on average , more permeable to L -
cysteine ( the actual GSH precursor ) than transport - negative
sheep ( 72 ± 8 versus 35 ± 3 umol / l . cells per h ,
respectively( 0 . 2 mM extracellularamino acid , 37 ° C ) ) ( Young
et al . 1976 Table 4 . 1 , Chapter 4 ) . This two - fold
difference in L - cysteine permeability ( and hence
availability ) may contribute to the higher red cell GSH
levels found in most transport - negative type horses .
Interestingly , measurementsof L - cysteine uptake rates in
two low - GSH type transport - deficient horses gave values of
18 and 20 Jlmol / l . cells per h ( 0 . 2 mM , 37 ° C ) , again
suggesting a correlation between low - GSH and the degree of
transport deficiency . Thus , assuming the half - life of GSH
turnover in horse erythrocytes- is one week and the - plasma
L - cysteine concentrtionis around 20 uM ( Smith , 1973 , 1974 ) ,
it can be calculated that an erythrocyte permeability of
20 pmol / l . cells per h ( 0 . 2 mM L - cysteine, 37 ° C ) is
insufficient to maintain a normal intracellular GSH
concentrationf 3 mmol / l . cells . In contrast , an
erythrocytepermeabilityof 70 p . mol / 1 , cells per h at 0 . 2 mM
L - cysteine , would be adequate to support normal GSH levels
in transport - deficient horse erythrocytes .
Interestingly , some transport - positive horse red
cells were also GSH - deficient . This may be due to a
separate enzymatic lesion ( eeq GC - S deficiency ) as has been
shown to occur in Tasmanian Merino sheep ( Young and Nimmo ,
1975 ; Younget al . 1975 b ) . From Figs . 6 . 3 and 6 . 4 it is
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apparent that transport - positive horse erythrocytes with
low - GSH occur only in sub - groups 2 and 3 . These cells
possess the low affinity system asc and have relatively a
low transport activity compared to other transport - positive
horse erythrocytes .
In sheep there is a striking difference between
the two types of GSH deficiency ( amino acid transport
deficiency and GC - S deficiency ) with respect to their
effects on erythrocyte life - span . In Finn sheep with the
amino acid transport lesion , erythrocyte potential life -
span is diminished ( Tucker , 1974 ) whereas in Merino red
cells with low - GSH the erythrocyte life - span is normal
( Tucker , 1975 ) . It is not clear whether the lowered GSH or
the high amino acid content ( not seen in low - GSH Merino
cells ) of low - GSH Finn erythrocytesis responsiblefor the
reduction in red cell life - span . The horse should prove a
useful model system to separate the physiological effects
of low - GSH and high amino acids , since amino acid
transport - deficient animals may have either low or normal
erythrocyte GSH concentrations .
Finally it should be noted that Harvey and Kaneko
( 1975 ) in a comparativestudy of erythrocyte GSH levels in
horses and other species , identified one horse with an
erythrocyte GSH level less than half that of the mean of
the other 10 horses . Even though the measured GSH
concentrationwas similar on two different occasions ( 1 . 06
and 1 . 08 mmol / 1 . cells ) these authors rejected the horse
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from their calculations of the mean GSH concentration in
horse erythrocytes on the grounds it was an outlier
determination !
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7 . 1 INTRODUCTION
Population studies in Chapter 3 showed that equine
erythrocyte amino acid transport activity exhibits
widespread variation . Amino acid transport activity was
also found to be a constant and highly reproducible
characteristic of cells from individual horses .
Furthermore , in thoroughbreds a number of well defined
discontinuities were apparent within the distribution of
transport activities . Thus , animals were classified on a
non - arbitrary basis into 4 , possibly 5 distinct sub - groups .
These observations suggest that amino acid transport
variation in horse erythrocytes is under genetic control .
This Chapter presents inheritance data which support this
conclusion . The results are consistent with simple
Mendelian inheritance involving three co - dominant
allelomorphic genes . This genetic model is discussed in
the context of the kinetic analysis of L - alanine transport
variation presented in Chapter 4 .
7 . 2 RESULTS AND DISCUSSION
7 . 2 . 1 Classificationf horses according to L - alanine
transport activity
In Fig . 7 . 1 the initial rate of L - alanine uptake
( extracellularconcentration0 . 2 mM , 37 ° C ) was measuredin
red cells from two breeding . populations of thoroughbred
horses . One hundred and four of these animals were sampled
in England( Fig . 7 . 1 A ) and 218 were from Australia( Fig .
Fig . 7 . 1 Distributionof L - alanine transport
activity in thoroughbred horse
erythrocytes .
0 50 100 150 225 325 425 525
0 50 100 150 225 325 425 525
L - AlanineUptake( umol/ I . cellsper h )
Erythrocytes from 322 horses were assayed
for initial rates of L - alanine transport( 0 . 2 mM ,
37 ° C ) . Each point ( □ ) representshe amino acid
permeability of an individual animal . Values are
means of duplicate estimates . A . horses from
England ； B , horses from Australia .
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7. 1 B)( no breeding of thoroughbreds is undertaken in Hong
Kong). These populations comprised a total of 45 English
and 100 Australian, stallion- mare- foal family triangles.
The distribution of erythrocyte L- alanine transport
activity in both populations closely resembles that found
previously in thoroughbreds maintained in Hong Kong
( Chapter 3), with 22% of the total animals tested
exhibiting very low erythrocyte L- alanine. transport rates
(< 15 umol/ l. cells per h). These animals were classified
as transport- deficient with respect to red cell L- alanine
permeability( group 1 as defined in Chapter 4). The
remaining transport- positive animals were divided into the
four separate permeability sub- groups detailed in Chapter
3 20- 65, 70- 150, 230- 380 and 400- 525 1 imol/ 1. cells
per h( groups 2, 3, 4 and 5, respectively) as shown in
Table 7. 1. In Fig. 7. 1 the distinctions between groups 2
and 3 and between groups 4 and 5 are not as clearly defined
as in the distributions presented in Chapter 3. This may
in consequence have caused the occasional misclassification
of animals as to amino acid permeability type( Tables 7. 1
and 7. 2).
7. 2. 2 Inheritance studies
Table 7. 2 shows the results of 145 thoroughbred
coatings with respect to L- alanine permeability( 0. 2 mM
extracellular concentration, 37° C). It can be seen that
all 15 transport- deficient x transport- deficient crosses
TABLE 7.1 Aalno acid transport activities in English and Australian horses of the five
transport phenotypes
Group
Transport phenotype 1 2 3 4 5 (6)
ss Is 11 lh hs,hhv
asc asc asc asc asc asc asc asc asc asc (asc asc)
5-15 20-65 70- 150 225- 380 400- 525 525
A No. of animals 31 34 17 9 13( 0)
Obs%
Exp%
29.8 32.7 16.3 8.6 12.5( 0)
27.5 38.7 13.7 7.8 11.0 (1.1)
B No. of animals
Obs%
Exp%
40 125 32 14 7 (0)
18.3 57.3 14.7 6.4 3.2( 0)
23.6 45.3 21.6 4.5 4.6 (0.2)
A, English and B, Australian thoroughbred data as shown in Fig. 7.1A and IB, respectively.
produced only transport-deficient offspring. This suggests
that, as in sheep, transport deficiency in horse
erythrocytes is inherited and that such animals are
homozygous for a silent gene coding for amino acid
transport deficiency (given the designation ascs). This is
in agreement with the observations in Chapter 4 that group
1 cells do not exhibit saturable amino acid transport
activity. The symbol asc has been given for the locus
controlling the system, as the primary gene product (the
amino acid transporter) has already been designated system
asc (Chapter 4).
From Table 7.2 the following observations suggest
that amino acid transport in horse erythrocytes is under
the control of three allelomorphic genes at a single
chromosomal locus. Thus, matings involving group 2 and
group 5 animals produced both transport-deficient and
transport-positive offspring, suggesting that horses in
these sub-groups are heterozygous for the ascs gene. In
contrast, matings between group 3 and group 4 horses did
not produce transport-deficient foals, suggesting that the
silent allele (asc8) is not present in these two sub¬
groups. Crosses between group 2 and group 3 animals
produced only group 2 and group 3 transport-positive type
offspring, suggesting that these cell types do not possess
the gene coding for the high affinity transporter (system
asc). In contrast, matings between group 2 or group 3
with either group 4 or group 5 individuals produced
offspring in both of the latter two sub-groups, which













TABLE 7.2 Inheritance of amino acid transport variation in horse erythrocytes (Cont'd)
Number and type rumDer or
Mating type of offspring unexpected offspring
Stallion, Mare Foal
Group 1 Group 2 Group 3 Group 4 Group 5
asc ss asc is asc 11 asc lh asc hs asc hh
aschs 1 0
Group 4 asc11 1 0 2 0
lh asclh 2* 0 1 2
asc x aschs 0 0 0
aschh 0 0 0 0
asc 0 0
ascig 1 5
ascll 2 2 3 0
Group 5 aschh 0 2* 0 2
hs aschs 0 1 0
asc x aschh 1 0 0
asc 0 0
Total 33 73 20 13 7 0
Individual animals were assigned a genotype as described in the text on the basis of their L-alanine
permeabilities as shown in Figs. 7.1A and B and Table 7.1. The family data represent stallion-mare-foal
triangles of both English and Australian origin.* Indicates progeny type observed when none expected.
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possess system ascd activity.
The most straight forward interpretation of these
observations is that group 2 and group 3 animals are
heterozygous and homozygous, respectively, for a transport-
positive gene coding for the presence of the low affinity
system asc2 carrier (asc1). This is consistent with the
two-fold difference in V-max for system asch in the two
groups of horses (Table 4.10, Chapter 4). .This gene (asc
must also be present in group 4 animals. This is again
consistent with the presence of system asc2 activity in
these cells as demonstrated in the kinetic studies of
Chapter 4 (Table 4.5). Similarly, both the inheritance
data and the kinetic analysis suggest that group 4 horse
erythrocytes also possess an additional gene coding for the
high affinity system asc (asch). The presumed genotype of
group 4 horses is therefore ascl, asch (abbreviated asclh
in Table 7.2). Since group 5 animals exhibit system asc1
activity but can also give rise to transport-deficient
offspring, their presumed genotype is asch, ascs (aschs in
Table 7.2).
The presumed genotypes of each of the sub-groups
and the observed versus expected frequencies of animals
within the sub-groupings is indicated in Table 7.1. The
proposed genetic model provides a good fit to the
experimental data. No horses of presumed genotype asch,
asch were found among the thoroughbreds tested. The
predicted frequency of this sub-group in this breed is very
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low, but may be more common in ponies and Przewalski's
horse, as judged from L-alanine uptake rates at 0.2mM and
370C (Chapter 3). Thoroughbreds are not a randomly
breeding population and the conspicuous excess of group 2
individuals on the one hand and the lack of a putative sub-
group 6 on the other, may be bias due to the Robertson
Effect (the excess of heterozygotes arising from any
difference in gene frequency between reproducing males and
females, producing heterozygotes at the expense of
individuals homozygous for transport activity) see Baker
and Manwell (1983) for a review.
The switch-round of sub-groups of presumed
genotype asc1, asch and asch, ascs can be explained by the
presence of the asc1 gene in group 4 cells. The product of
this gene (system asc2) allows intracellular amino acids to
efflux from the cells. This in turn reduces the exchange
capacity of the system asc1 component and hence lowers Vmax
of the latter. Thus, at 0.2mM amino acid, measured uptake
rates of L-alanine by group 4 cells are less than that by
group 5 cells.
Some of the matings in Table 7.2 gave rise to
unexpected progeny types. These exceptions all involved a
group 3 (ascl, asc1) parent or foal, that had they been
identified as a group 2 phenotype (ascl, ascs genotype)
would have been consistent with the proposed model. Sub-
groups 2 and 3 are very close together in the distribution
of L-alanine transport activity and may possibly overlap.
Occasional misclassification might occur if, as seems
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likely, other factors are involved in the expression of
system asc transport activity. One possibility is that
the arginase type of the animals red cells may contribute
towards misclassification, as the presence of intracellular
arginine may modulate the activity of the low affinity
transporter (see Chapters 5 and 6). Apart from these few
exceptions (9%) all other matings (132 observations) were
in accord with amino acid transport activity being under
the control of three co-dominant, autosomal alleles.
7.2.3 Amino acid transport and blood group antigens
There is a well-documented functional association
between the M/L blood group system and active potassium
transport in sheep erythrocytes (Lauf, 1975 Tucker 1976
Ellory 1977 Ellory and Tucker 1983). It has also been
established that the genetic locus controlling amino acid
transport in sheep erythrocytes is genetically linked to
the C blood group locus (Tucker, et al. 1980). In view of
these facts it seemed worthwhile to search for similar
associations between amino acid transport in horse
erythrocytes and the known equine blood group markers.
One hundred and ninety of the geldings tested for
amino acid transport activity in Chapter 3 (Fig. 3.2) were
also typed for the following equine blood group systems A,
C, D, E, K, P, Q, S and U (see Bell, 1983 for a review).
Cross-tabulation analysis of amino acid transport activity
sub-groups (deterimined at 0.2mM extracellular L-alanine
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and 37 ° C ) versus the presence or absence of 22 blood group
factors( 11 in the D - system, two each in the A . E and P -
systemsand one each in systemsC , K , Q , S and - U ) failed to
detect any significant associations between the presence or
absence of the blood group factors and amino acid transport
deficiency .
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CHAPTER 8
RADIATION INACTIVATION
OF AMINO ACID TRANSPORT
IN ERTHROCYTES FROM
PRZEWALSKI ' S HORSE
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8 . 1 INTRODUCTION
Radiation inactivation analysis has been used
extensively in the past for the determination of the
molecular size of many enzymes ( Kempner and Schlegel ,
1979 ) . Recently , the techniquehas re - emerged as a simple ,
but powerful tool for the study of membrane associated
assembliesin situ ( Ellory , 1979 ) . Only small amounts of
material are required for study , with no need for
purification , the technique relying on a loss of biological
activity with increasing radiation exposure . Under
experimental conditions that exclude secondary radiation
effects , inactivation data may be analysed using classical
target theory derived both from theoretical and empirical
work ( Pollard , Guild , Hutchinsona d Setlow , 19 . 55 ; Kepner
and Macey , 1968 ) . This Chapter describes an analysis of
the in situ molecular size of system asc 1 in cryoprotected
intact Przewalski ' s horse erythrocytes , the transporter
target size being estimated directly from L - alanine influx
inactivation, using G - 6 - PDH activity as an internal
standard . Erythrocytes for Przewalski ' s horse were chosen
for these experimentsbecause of their high asc 1 activity .
An improved cryoprotection technique is described which
permits the study of glycerol - impermeable( eg . horse )
erythrocytes .
8 . 1 . 1 Target Theory
To obey single - hit target theory , the biological
activity of the molecule under study ( in the present case ,
presumably a protein) must be destroyed by one high-energy
ionisation occurring within its volume (V) according to
Poisson probability, thus;
(1)
where Aq is the activity of the non-irradiated control and
A the activity remaining after radiation dose D (expressed
as inactivating events per cm). The molecular weight (Mr)
of the molecule is obtained by extension from;
(2)
where N is Avogadro's number and v is the partial specific
volume of the protein molecule. The determination of D in
the above terms is difficult as radiation dose is measured
in rads, which does not provide information regarding the
specific ionisation of the beam. Thus, an empirical
equation derived by Kepner and Macey (1968) from the
observed inactivation rates of a range of proteins, has
been routinely employed by most workers using the radiation
inactivation technique;
(3)
where D is the macroscopic radiation dose in rads needed
3 7
to reduce the activity measured to 37 of its control value
(ie. AA 0.37= e-1). This relationship is only valid
— o
at room temperature and it has been shown that further
empirically determined correction factors need to be
applied to inactivation data collected below 30°C (Kempner
and Schlegel, 1979; Kempner and Haigler, 1982). Low
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temperature is required for intact cells. The influence of
low temperature on radiation sensitivity of proteins is
poorly understood and the correction factors offer no
insight into mechanism. It is upon this point that the
technique has received extensive criticism( Lo, Barnard and
Dolly, 1982).
The latter authors advocate an alternative
approach utilising internal enzyme standards of known
molecular weight, avoiding the assumptions in equation( 3)
and avoiding the need to apply temperture correction
factors.
8. 1. 2 An improvement of the radiation inactivation
method
The experimental approach in this Chapter differs
in two respects from that used previously to measure the
target size of the system L amino acid transporter in human
erythrocytes( Fincham, 1983 Fincham, Young and Ellory,
1985 b). Firstly, a different method of erythrocyte
cryoprotection was used, resulting in less fragile cells
and allowing the technique to be applied to glycerol-
impermeable( ie. non- human) erythrocytes, and secondly, the
transporter target size was calculated using G- 6- PDH as
internal standard. Thus, the radiation inactivation
technique was made more generally applicable and both
technically and analytically more sound, discarding
correction factors and empirical equations.
8. 2 RESULTS
8.2.1 Technical considerations
Radiation inactivation studies of membrane
transport systems generally require the use of intact cells
(unless specific transporter ligands are available) and
this in turn requires irradiation at low temperature to
avoid secondary radiation effects. The methods used
previously for cryoprotection of erythrocytes relied on the
cryoprotective effect of permeating neutral solutes such as
glycerol. Although superficially satisfactory for human
red cells, considerable problems arise when using other
species erythrocytes. Horse erythrocytes, for example, are
impermeable to glycerol. Furthermore, cryoprotection using
glycerol is undesirable in that the use of a permeating
cryoprotectant produces osmotic problems during the
protracted process of reconstitution. This results in poor
cell recovery and considerable fragility among surviving
cells. Thus, an alternative method was used for
cryopreservation of horse erythrocytes. Cells were
suspended in a solution containing impermeant sugars which
produce dehydration of the erythrocytes prior to freezing
(Pegg, Diaper, Scholey and Coombs, 1982a; 1982b; see
Chapter 2). Therefore it was possible to successfully
cryoprotect horse erythrocytes and to increase radiation
dosages over those used previously without any adverse
effects on the cells.
Fig. 8.1 Effect of L-serine on L-alanine uptake
by Przewalski'8 horse erythrocytes.
The inhibitory amino acid was added to
the cells at the same time as the permeant. Initial
rates of L-alanine uptake were measured at 37°C.
Values as means of triplicate estimates. The
estimated apparent value is 0.25mM.
Fig. 8.S
Concentration-dependence of L-serine
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Initial rates of L-serine uptake were
measured at 37°C in NaCl medium. Values are means
of triplicate estimates. The estimated apparent
value is 0.25mM.
®-2.2 Definition of the amino acid transport system
Amino acid transport by system asc was measured
as the difference in L-[U14C] alanine uptake (0.2mM) in the
presence and absence of a high concentration (50mM final
extracellular concentration) of non-radioactive L-serine
(37 C). To demonstrate that L-alanine and L-serine share a
common transport system, the uptake of L-alanine (0.1
0.75mM) was measured in the presence of various
concentrations of L-serine (0.4- 2.0mM). L-Serine was
found to be an effective inhibitor of L-alanine transport.
Inhibition was competitive, with an apparent value of
0.25mM estimated from the Dixon (1953) plot (Fig. 8.1).
Thus, the apparent value for L-serine inhibition of L-
alanine transport is approximately the same as the apparent
K value for L-serine uptake measured in Przewalski's horse
5L
erythrocytes (Fig. 8.2).
8.2.3 Effects of cryoprotect1ve agents
The cryoprotective technique used to minimise free
radical effects during irradiation had no deleterious
effects on either carrier-mediated (L-serine-sensitive) L-
alanine influx (0.2mM extracellular concentration) or the
residual non-saturable L-alanine uptake measured in the
presence of 50mM non—radioactive L—serine (Table 8.1).
latter uptake process Includes non—mediated influx
across the cell membrane diffusion barrier. Thus, there
TABLE 8.1 Effect of freezing and thawing on L-alanine transport by
Przewalski horse erythrocytes
L-Alanine influx (jimol1. cells per h)















L-Alanine influx into fresh and frozen-thawed erythrocytes was measured at
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0.2mM extracellular L-[U C]alanine. Values are means+ SEM of triplicate
estimates in two individual animals.
Fig. 8.3 Radiation dose-dependence of A, L-
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L-[U C]Alanine transport activity at
0.2mM extracellular concentration inhibitable by
50mM extracellular L-serine, A. G-6-PDH activity
measured in the same cells, B. Results are means
+ SEM of pooled results of separate experiments
using cells from 8 individual horses. Lines are
fitted by a weighted non-linear regression programme
for the semi-logarithmic plot.
o
A B
would appear to be no significant change in either
transporter function or leak flux in cells treated with
cryoprotective agents.
8.2.4 Inactivation of aaino acid transoort
Fig. 8.3A shows a semi-logarithmic plot of system
asc1 L-alanine transport activity plotted against radiation
dose, the transport data presented as L-serine-sensitive L-
alanine uptake. The inactivation curve is the best-fit
line computed by a non-linear regression programme. Data
points are mean+ SEM of four determinations per dose (each
performed in triplicate in the presence and absence of L-
serine). The results are pooled from separate experiments
using cells from eight individual horses. Increasing
amounts of radiation were found to inactivate carrier-
mediated (L-serine-sensitive) L-alanine influx in a dose-
dependent manner, as predicted by single-hit inactivation
target theory. The best-fit was obtained with k= 0.0431
—kD
+ 0.0064 for A= A e (where A and A represent activity
— o o
of dose D and zero dose, respectively). The L-alanine leak
flux (uptake in the presence of excess L-serine) was not
altered greatly during irradiation, increasing less than
2.5-fold at 20 Mrad exposure compared with the control
flux.
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8.2.5 Inactivation of enzyme activity
G-6-PDH activity was assayed in the same cells
irradiated for transport studies. Irradiation induced a
dose-dependent decrease in the enzyme activity as predicted
by target theory (Fig. 8.3B) giving a k of 0.0328+ 0.0059.
8.2.6 Analytical considerations
The large empirical temperature correction factor
applied to inactivation data collected at -1960C (Kempner
and Haigler, 1982) has not been used in the present work.
Similarly, the dependency of the determination upon the
knowledge of the absolute dose of radiation has been
eliminated. The latter is difficult to determine within
the sample at the time of irradiation and may be affected
by quenching by the sample to an unknown degree. The last
two factors were made redundant by analysing the dose-
dependence of amino acid transport inactivation relative to
that of an internal standard. Hence, G-6-PDH activity was
assayed in the same cell suspensions used to measure L-
alanine uptake. This obviated differences in the absolute
slope of dose-dependence curves due to variation in beam
strength, inaccuracies in its calibration and uncontrolled
variations between samples and quenching. Thus, equations
(1) and (2) may be combined,
(4)
so that the slope of the plot of log A/A0 against D is
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proportional to Mr. Thus, for amino acid transport
activity mediated by system asc i (Slope asc the
inactivation ratio equals 1
Inactivation ratio asc1 (5)
UorL GbPD
so that with the Mr of G-6-PDH known (M) G6PD the molecular
target size of the transport function system asc (M)
(Masc 1
can be determined. The absolute value of D is eliminated
(since only relative values of the macroscopic radiation
dose are required for the slope of the plots of Fig. 8.3).
8.2.7 Target size of svstem asc1
The calculated values of the slopes in Figs. 8.3A
and B and the molecular weight of G-6-PDH estimated using
conventional methods (Levy, 1979) may be inserted into
equation (5). This yields a target size of 157,500+ 2,500
(SEM) for the transport function.
8.3 DISCUSSION
The work described in this Chapter is only the
fourth attempt to measure the in situ molecular size of a
facilitated-diffusion carrier in the erythrocyte membrane.
Furthermore, it is only the second attempt to estimate the
target size of an amino acid transport system. The other
system studied was system L of the human erythrocyte,
chosen because of its high Na-independent transport
capacity, thereby minimising interference by non-mediated
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uptake and by other amino acid transport systems present in
human red cells (Fincham et al. 1984b). The rapid influx
rates permitted short incubation times for assay at 370C,
necessary because of the fragility of the cells upon
reconstitution from the glycerol cryoprotectant. Human red
blood cells have been used in all of the previous target
size estimations of erythrocyte transport systems, because
the glycerol permeability of these cells is high enough for
successful cryoprotection.
The present work has extended the radiation
inactivation technique to a different species.
Erythrocytes from Przewalski's horse were used, as they
exhibit some of the highest amino acid uptake rates of all
the equine species tested. Therefore, as with system L in
the human erythrocyte, these cells were most amenable to
study using the radiation inactivation technique. Cells
were irradiated under liquid nitrogen to minimise secondary
radiation effects (Cuppoletti, Jung and Green, 1981
Jarvis, Fincham, Ellory, Paterson and Young, 1984).
Dithiothreitol, a reducing agent and free radical
scavenger, was also present during irradiation for the same
reason (Jarvis, Young and Ellory, 1980). It has been shown
previously that membrane thiol groups have a role in
erythrocyte amino acid transport (Young, 1980 see also
Chapter 4).
Previous studies have demonstrated that the
radiation sensitivity of enzymes is influenced by low
temperature (Kempner and Schlegel, 1979) and an empirically
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determined correction factor of approximately 4005 needs to
be applied to inactivation data collected at -1960C
(Kempner and Haigler, 1982). Thus, temperature correction
was applied' to the estimated target size of the human
erythrocyte system L amino acid transporter, based directly
on L-leucine influx inactivation, to give a value of
100, 000 (F4ncham et al. 1984.b). A similar effect of
temperature has been reported in a study of the target size
of the nucleoside transporter, based directly on
inactivation of uridine influx as well as ligand
(nitrobenzylthioinosine NBMPR) binding in cryoprotected
human erythrocytes (Jarvis et al. 1984). In contrast, no
such correction was made for an estimation of the target
size of the glucose transporter based on flux inactivation
and D-glucose sensitive cytochalasin B binding in
cryoprotected human red cells (Cuppoletti et al. 1981).
The value of 157,500 for the system asci amino
acid transporter is higher than that estimated for the
nucleoside transporter (122,000 Jarvis et al. 1980 1984)
but lower than the published value of 185,000 for the
glucose carrier (Cuppoletti et al. 1981). Recently,
Jarvis, Ellory and Young (1985) have directly compared the
target sizes of the human erythrocyte nucleoside and
glucose transporters in the same samples of irradiated
lyophylised membranes (using [3H] NBMPR and [3H]
cytochalasin B to assay for transporter function). It was
found that the two carriers have indistinguishable
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molecular weights in the region of 120,000. The nucleoside
and glucose transporters have both been identified on SDS-
polyacrylamide gels as Band 4.5 polypeptides with apparent
molecular weights in the range 45,000-65,000 (see for
example Wu, Jarvis and Young, 1983). The target size
estimations therefore indicate that these polypeptides
exist as dimeric proteins in the membrane of the intact
cell. The radiation target sizes determined for systems
asci and L represent the first molecular information on
mammalian erythrocyte amino acid transporters.
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This Thesis has described kinetic, biochemical and
genetic studies of amino acid transport variation in equine
erythrocytes. A novel high affinity erythrocyte amino acid
transport system has been characterised and designated
system asc-1. A related low affinity transporter (system
asc2) was also demonstrated to be present in the
erythrocytes of some horses. The functional absence of
these transporters from the erythrocytes of a particular
breed of domestic horse (the thoroughbred) occurred with a
surprisingly high frequency. The lesion may have clinical
significance in some of the affected animals. The control
of amino acid transport activity and its deficiency was
adequately explained by postulating the existence of three
genes (ascs, ascl and asch) specifying the presence or
absence of carrier-mediated transport. The apparent
molecular volume of system asc1 was determined by radiation
inactivation analysis. Detailed aspects of the work are
discussed at length in the concluding sections of the
appropriate Chapters.
This General Discussion will focus on three major
topics: i) the high incidence of amino acid transport
deficiency in thoroughbred horse erythrocytes, ii) the
physiological implications of the defect, and iii) insights
given by the study into functional and evolutionary
relationships between different amino acid transport
systems. This Chapter ends with some suggestions for
future studies.
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9.2 WHY IS AMINO ACID TRANSPORT DEFICIENCY SO COMMON
IN THOROUGHBRED HORSE ERYTHROCYTES?
The remarkably high frequency of erythrocyte amino
acid transport deficiency in thoroughbreds is not a problem
specific to Hong Kong. The Royal Hong Kong Jockey Club
obtains animals from England, Australia and New Zealand and
the distribution of transport-deficient and transport-
positive animals is similar among the horses of different
origin (Chapter 3). Furthermore, animals tested in England
and samples obtained from horses native to Australia also
showed the characteristic population distribution of amino
acid transport activities (Chapter 7). Repeat testing of
samples from individual animals gave reproducible results.
Therefore it seemed likely that erythrocyte amino acid
transport activity was genetically controlled. The
inheritance of transport deficiency was adequately
explained by postulating the existence of a null or silent
allele at the chromosomal locus that controls amino acid
transport activity (Chapter 7). The silent allele may have
arisen as a mutation in recent times or may represent an
ancient gene.
The present-day members of the Equidae family form
four groups: horses (E. caballus and E. przewalskii), the
"pseudo-asses" or hemionidae (Hemionus onager), the asses
or donkeys (Asinus africanus), and the most heterogenous
group, the zebras (z. grevyi, z. hartmannae, z. bohmi, z.
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burchelli and ze chapmanni). Other Equidae living in
historical times are now extinct, such as the Tarpan (E.
caballus gmelini) and the Quagga (E. quagga). The former
has been controversially described as the ancestor of E.
caballus, or as a phenotypical form of E. przewalskii
(Short, 1975 Kaminski, 1979).
The thoroughbred is a-domestic breed of horse and
its origins can be traced back to three original Arabian
stallions around 300 years ago (Short, 1975). Thus, the
older Arabian breed seemed a likely source of the silent
allele, introduced either from the outset and/or during the
course of development of the thoroughbred. However, a
survey of Arabian horses (Chapter 3) from different studs
in England did not find any animals with defective
erythrocyte amino acid transport. Two individuals did
exhibit L-alanine uptake rates characteristic of cells of
presumed genotype (ascl, ascs) suggesting that the silent
allele may be present in the breed, but with a very low
frequency. Five cases of erythrocyte amino acid transport
deficiency were found in crossbred ponies. These animals
were all descended from matings involving both thoroughbred
and Arabian horses. It is, therefore, notable that none of
the purebred pony breeds tested exhibited transport-
deficient red cells. Likewise, other species such as the
donkey and Przewalski's horse were erythrocyte amino acid
transport-positive. These observations suggest that the
mutation is not necessarily one from history. There are
153
precedents among domestic animals where heavy selection
pressure for a certain characteristic is accompanied by the
development of a deleterious trait (eg. porcine stress
syndrome, the high incidence of which is associated with
selection for muscularity). Thus, in the case of the
silent allele for erythrocyte amino acid transport
activity, the allele may have increased in frequency (or
arisen) as a consequence of selection for particular
characteristics (eg. racing performance) in the
thoroughbred. It is noteworthy that a similar silent
allele also occurs in some breeds of sheep (see Chapter 1).
In terms of species and breed relationships it is
interesting to note that system asc2 is probably widespread
in ungulates while system asc1 occurs in both domestic and
wild equids.
9.3 PHYSIOLOGICAL IMPLICATIONS OF AMINO ACID TRANSPORT
DEFICIENCY
9.3.1 GSH metabolism
Mammalian erythrocytes normally contain high
(approximately 3mM) concentrations of GSH. The major role
of this tripeptide is the protection of the cell from
oxidative damage (eq. superoxide formed from oxidation of
haemoglobin), the GSH:GSSG couple acting as a redox
buffering system. The consequences of low GSH levels in
erythrocytes are potentially damaging. Thus it has been
shown that when GSH-deficient sheep erythrocytes are faced
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with an oxidative challenge (phenylhydrazine injection or
Kale feeding) they respond in the same way as normal cells,
except earlier and more dramatically (Tucker and Kilgour,
1973 Tucker et al. 1981). Animals with the transport
lesion or with both amino acid transport and GC-S
deficiency appear equally susceptible to oxidative stress,
while animals with only the enzyme lesion are significantly
more resistant than sheep with the transport lesion. Even
in the absence of oxidant stress, low-GSH sheep cells with
the amino acid transport lesion have a markedly reduced
life-span in the circulation. Although low-GSH sheep
erythrocytes are more susceptible to oxidative stress than
normal cells, they are less susceptible to the toxic
effects of selenite and tellurite, compounds which cause
haemolysis of erythrocytes (Young, Crowley and Tucker,
1981b). This is because the actual haemolytic agents are
generated by chemical reaction of selenite and tellurite
with intracellular GSH. The in vitro effects of selenite
and tellurite may be related to the haematological
symptoms, such as anaemia, associated with in vivo selenium
poisoning (Moxon and Rhian, 1943).
In man, several kinds of erythrocyte GSH
deficiency occur (see Larsson, 1981 for examples). Thus,
cases of GC-S and GSH-S deficiency have been described.
Such cells have GSH levels similar to, or lower than, those
found in sheep erythrocytes with combined amino acid
transport and GC-S deficiency. As a result the human
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lesions are usually associated with clinical symptoms of
well compensated non - spherocytic haemolytic anaemia . As in
sheep , severe haemolytic crises can be precipitated by
exposure of GSH - deficient humans to oxidative stress
resulting from the administration of oxidant drugs , various
bacterial or viral infections or the ingestion of certain
food stuffs ( for example fava beans cf . Kale in sheep ) .
Human disorders of the GSH : GSSG protective
mechanism are not restricted to simple GSH deficiency .
Other enzyme lesions occur , some of which , like G - 6 - PDH
deficiency , are relatively common ( especially in Chinese
populations) ( Beutler , 1978 ) . Patients with these enzyme
deficiencies are also susceptible to oxidative stress such
as favism ( Prins et al . 1966 ) . It has been proposedthat a
direct use of GSH - deficient sheep , particularly those which
have inherited both lesions , would be to screen drugs and
food stuffs for potential oxidant side effects ( Tucker et
al . 1981 ) . Therefore , the horse may provide another useful
model system for investigating the toxic effects of oxidant
compounds.
Both types of sheep GSH deficiency are restricted
to erythrocytesand are not found in other tissues ( Tucker
et al . 1981 ; Young and Tucker , 1983 ) . This contrastswith
the situation for some forms of GSH deficiency in man where
tissues other than erythrocytes are also affected . Thus
other clinical symptoms are manifest such as neurological
deterioration , cataract formation and metabolic acidiosis .
However there is evidence that sheep erythrocyte GSH
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deficiency has potentially deleterious consequences for the
whole animal . Thus , lambs with severe GSH deficiency due
to both the amino acid transport and GC - S lesion have a
very high mortality rate of 45 % ( Tucker et al . 1976 ) .
Identification of animals predisposed to low - GSH by
erythrocyte amino acid transport deficiency may prove to be
an important considerationin the horse . One of the areas
of concern in the racing industry is that of poor
productivity in thoroughbred breeding ( see Rowlands , Allen
and Rossdale, 1975 ) .
However , major unanswered questions remain
regarding the relationship between erythrocyte amino acid
transport deficiency and GSH metabolism . It would appear
that the threshold of sensitivity to transport deficiency
is different between sheep and horse erythrocytes . For the
former all transport - deficient animals are also GSH -
deficient , whereas in the horse , the erythrocyte GSH level
is correlated with the degree of transport deficiency ,
some transport - deficient animals exhibiting normal
erythrocyte GSH levels . There is also the additional
complicationof low - GSH , transport - positive horses . This
may be a consequenceof a separate metabolic lesion , as
observed in transport - positive Merino sheep . Further work
is required to test this possibility .
9 . 3 . 2 Interorganamino acid transport
From the outset it should be emphasised that this
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is a complex and poorly understood subject( for a review
see Christensen, 1982). The present discussion is intended
as an overview, placing emphasis on work directed towards
elucidating the role of erythrocytes in interorgan amino
acid nutrition, with special reference to two key metabolic
processes, gluconeogenesis and the urea cycle.
An immediate problem arises with regard to species
differences and the nutritional status of animals under
study. For example, due to the peculiarities of their
diets, gluconeogenesis is continuous in both dogs and
sheep. By contrast, in humans or rats fed on high casein
diets, gluconeogenesis may be depressed. However, in
general, exercising muscle releases two amino acids
( alanine and glutamine) that are of particular importance
to other tissues. Thus, glutamine is taken- up by the gut
and serves as an important source of energy for that
tissue, alanine apparently released as an equally important
product( Hanson and Parsons, 1977 Windmueller and Spaeth,
1974, 1980). Therefore, because glutamine is extracted
mainly by the gut and alanine mainly by the liver, alanine
attains a uniquely significant role in gluconeogenesis.
Felig, Pozefsky, Marless and Cahill( 1970) proposed a
glucose- alanine cycle, whereby alanine is recycled between
muscle and liver through the blood stream. The cycle is
thought to operate by release of alanine from muscle,
produced by transamination- derived pyruvate. The alanine
flows to the liver for reconversion of its carbon skeleton
to glucose, which is released into the blood stream. The
158
glucose is therefore available as an energy source for
muscle, subsequently produced pyruvate re-entering the
cycle. Although useful for moving amino groups from muscle
to liver, the cycle does not provide net substrate for
gluconeogenesis de novo and is therefore analagous to the
Cori cycle. For net gluconeogenesis, pyruvate must be
formed from non-carbohydrate precursors in muscle. However
the cycle most likely participates in the regulation of the
glucose economy.
Glutamine from muscle also contributes to
gluconeogenesis in the kidney (Lund, 1980; Schrock and
Goldstein, 1981 Schrock, Cha and Goldstein, 1980). The
kidney has also been suggested as the main source of
circulating arginine due to the low level of arginase in
that tissue (Meister, 1965). In contrast, arginase
activity keeps the arginine level in the liver very low.
The interorgan flows of arginine and ornithine may be
important in relation to the urea cycle.
The participation of erythrocytes in the
circulatory transport of amino acids is poorly studied and
controversial (Christensen, 1982). Presumably the lack of
suitable animal models to advance present knowledge has
contributed towards a reticence to study this problem. For
example, contrasting results may be obtained depending upon
which species is under study, to and from which tissue
amino acid flow is observed, and which amino acid is under
consideration. The red blood cell volume may increase the
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solvent volume available for intravascular transport over
the plasma volume by as much as 30 % . However the time
spent by blood in the capillary bed is arguably too short
for significant amino acid exchange by erythrocytes to
occur . It has been suggested that erythrocytes have target
organs , which may somehow potentiate the otherwise
relatively slow uptake and release of amino acids observed
in vitro . Thus in the dog it has been suggested that
plasma and erythrocytes play quite different roles in
interorgan transport of amino acids . Transport of free
amino acids from other tissues to the liver occurred mainly
via plasma , while transport of amino acids from the liver
to other tissues is suggested to occur mainly by the red
blood cells ( Elwyn , 1966 Elwyn , Parikh and Shoemaker,
1968 ) . Furthermore, Elwyn , Launder , Parikh and Wise ( 1972 )
proposed a direct transfer of amino acids between
erythrocytes and tissue cells . Thus , while plasma donated
glutamate to the liver , erythrocytes gained glutamate .
While the direction of these flows for glutamate are not
unexpected , no mechanism for the transfer of glutamate from
liver cells to erythrocyteshas been put forward . In this
respect it is notable that dog erythrocytespossess a Na -
dependent amino acid transport system specific for
glutamate( system Glu , Ellory et al . 1981 b ) . In contrast,
uptake of glutamate by human red cells is inconspicuous.
This illustrates the care required in interpreting the
movements of different amino acids between red cells ,
plasma and tissues in different species .
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Human erythrocytes have been proposed to play a
significant role in interorgan amino acid transport ,
particularlyfor alanine ( Felig , Wahren and Raf , 1973 ) .
However the contribution from red cells for most amino
acids is relatively minor and of the alanine delivered to
the splanchnicbed in humans , between70 - 75 % ( Felig et al .
1973 ) and 93 % ( Chiasson , Liljinquist, Sinclair - Smith and
Lacy , 1975 ) was accounted for by plasma . Similarly in
sheep , approximately86 % of alanine transport occurs by
plasma ( Heitmannand Bergman , 1980 a ) . In a comparisonof
fed , fasted and acidotic sheep , Heitmann and Bergmann
( 1980 b ) found that the glucogenicamino acids ( alanine ,
glutamine and glycine ) were removed by the liver and
released into the plasma by muscle . Transport of these
( and most other ) amino acids occurred in plasma and
erythrocytes to equal extents . In contrast , glutamate was
released by the liver and removed by muscle in the
hindquarters. A proposed role of the red cells rather than
plasma for glutamate transport in the study of Heitmann and
Bergman( 1980 a , b ) is puzzling . As in man , sheep
erythrocytes are essentially impermeable to this amino acid
in vitro . Of the urea cycle amino acids , arginine was
removed by the liver and citrulline and ornithine released .
Arginine was released by kidney and hindquarters , but
citrulline and ornithine were removed . Thus it was
suggested that arginine may represent an efficient
transport route for ammonia from peripheral tissue to the
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liver for urea formation . The contribution of erythrocytes
to the movement of arginine between the vascular beds and
the liver will be largely species - dependent. - Thus , human
and cat erythrocytes possess a specific dibasic amino acid
transport system ( Ly + ) . In contrast , sheep erythrocytes,
used in the studies of Heitmannand Bergmann( 1980 a , b ) , are
relatively impermeable to arginine and are unlikely to
contribute significantly to its interorgan transport .
A limitation of the studies cited is that no
serious attempt was made to correlate in vivo movements of
amino acids between the two blood phases and tissues with
in vitro erythrocyte permeabilities in the species under
study . As a result , much of the work is largely
descriptive with no insight into the mechanism of the
observed amino acid movements . There are , therefore , ,
revealing gaps and inconsistencies in the literature .
Nevertheless , there does appear to be evidence that certain
amino acids are transported by erythrocytes in significant
amounts in some species . Therefore , although this evidence
is largely fragmentary , it would seem strong enough to
warrant further critical study . In this regard , the horse
would provide an ideal model system . Horse erythrocytes
possess a single well - characterised transport system of
which two variants are apparent with substrate affinities
within and outside the physiological plasma amino acid
range . Furthermore , the occurrence of a transport -
deficient mutant would serve as a negative control for
comparison. L - Alanine would be the amino acid of choice
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for such a study , as it shows the largest permeability
differences between transport - positive and transport -
negative erythrocytes . Physiologically, this amino acid is
of interest because it plays an important role in
maintaining blood glucose levels during exercise . As much
as 60 % of the blood volume of the thoroughbredhorse is
occupied by red cells during exercise . The proposed role
of erythrocytes as vehicles for interorgan amino acid
transport would increase the efficiency of the process .
Therefore exploitation of the horse erythrocyte
polymorphismmay help to resolve the question as to whether
erythrocyte membrane transport has a role in determining
interorgan amino acid flows .
9 . 4 EVOLUTIONARY RELATIONSHIPSBETWEEN AMINO ACID
TRANSPORTERS
To date , nine functionally distinct amino acid
transport systems have been identified in mammalian and
avian erythrocytes and each of these systems has a wide
tissue distribution . Presumably these and other vertebrate
amino acid carriers have evolved from one or a few
primitive transporter systems . Therefore it might be
anticipitated that operational and molecular similarities
may exist between systems . An interesting observation to
emerge from the present work was the close similarities of
the amino acid transport systems in horse erythrocytes with
those in other cell types and species .
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Christensen ( 1975 , 1979 ) has suggested that
systems A and G 1 y may be extreme variants of one another .
The link is based on observationsthat the two systems are
both Na - dependent , tolerate N - methylationof substrates and
have not been found together in the same tissue or cell
type . Thus , system A is found in almost all cell types
but is conspicuouslyabsent from erythrocytes . As well as
the similarities , notable differences exist between the two
transport systems . Although they are both Na - dependent ,
system A will accept Li + as well as Na + for co - transport,
whereas Li + is not tolerated by system Gly ( or by Na -
dependent system ASC . Furthermore , the scope of system
Gly is very narrow , restricted to glycine and sarcosine ,
which contrasts with the wide scope of system - A whose
substrate specificity overlaps with systems L and ASC . A
definitive characteristic of system G is the
transporter' s anion - dependence. Thus it has been shown
that glycine transport by system G in the pigeon
erythrocyteis accompaniedby a complex of two Na + and one
anion ( preferablyCl - ) ( Imler and Vidaver , 1972 ) . However
influx is not considered electrogenic , rather the carrier
itself is charged and the only step involving charge
movement is the reorientation of the empty carrier
( Vidaver , Shepherd , Lagow and Weichelman, 1976 ) .
Unfortunately, there is no information regarding the anion -
requirementof system A . Since only system Gly seems to be
capable of net Na - dependent transport in human erythrocytes
( Al - Saleh and Wheeler , 1982 ) it would be interestingto
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examine the anion dependency of Na - dependent amino acid
transport via different systems in other cells , to see if
the anion effect is unique to glycine transport , or to net
transport . As detailed in the Appendix , the transporter
responsible for taurine accumulation by fish erythrocytes
is also C 1 - dependent. However , the idea that systems A and
Gly may have arisen from a common precursor , perhaps by
gene duplication or through differentiation , has attractive
features .
Functional similarities have also been observed
for systems and ASC . Thus the reciprocal relations
between these two systems in their interactions between a
dibasic amino acid on the one hand , and a neutral amino
acid plus Na + , on the other suggest the transportersmight
be manifestations of a single carrier . This possibility
has been ruled out by Christensen( 1975 , 1984 ) as the Km
and Ki values of the surrogate substrates in both systems
were considered inconsistent , the normal substrates being
almost 50 - fold more reactive . The survival of system
in the maturing rabbit reticulocyte after system ASC
activity is no longer detectable ( Antonioli and
Christensen, 1969 ) was also taken by Christensen( 1975 ,
1984 ) to support the view that the two transportersare
separate entities . However , despite the fact that system
Ly + is Na - independent, the two systems would appear to
have certain features in common .
It has been proposed in this Thesis that the Na -
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independent systems asc and asc are variants of Na -
dependent system ASC . It is possible that loss of Na -
dependence may occur physiologically during reticulocyte
maturation . Alternatively , the asc systems may represent
evolutionary products of system ASC . The possible
relationship between the asc systems and system ASC was
originally proposed on the basis of the earlier work by
Young and Ellory ( 1977 a , b ) and the kinetic and substrate
specificity studies of neutral amino acid transport
presentedin Chapter 4 ( Fincham, Mason , and Young , 1985 c ) .
This suggestion has subsequently been challenged by Vadgama
and Christensen( 1985 a , b ) who also found asc - type activity
in pigeon erythrocytes . A major argument of the latter
authors was that the Na - dependenceof a transport . system is
a key characteristicof that system , and that loss of Na -
dependency would either alter substrate specificity to an
unrecognisableextent , or even result in a total lack of
recognition properties of the system ( the functional loss
of the system ) . A novel aspect of the work presented in
Chapter 5 is the demonstrationthat the interaction of L -
arginine with system asc closely resembles that observed
with Na - dependent system ASC , strongly suggesting
functional as well as structural similarities between the
two systems . It should also be emphasisedthat system asc 1
has a relatively high affinity for L - lysine . Thus , system
asc 1 and asc 2 may have retained a modified Na - binding site ,
which no longer accepts or transports Na + but which is
still capable of interacting with the positively charged
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side - chain of dibasic amino acids . The sheep erythrocyte
system C is clearly closely related to system asc
Finally , it should be noted that an amino acid
transporter similar to the asc systems may also be present
in rat intestinal epithelium ( Lash and Jones , 1984 ) ,
suggesting that such transporters are not restricted to
erythrocytes .
9 . 5 FUTURE STUDIES
The amino acid transport polymorphism described in
this study should provide a useful model system for further
investigations . Major areas of interest requiring more
detailed exploration include the physiological roles of red
cell amino acid transport and the study of amino acid
transport at the molecular ( rather than kinetic ) level .
9 . 5 . 1 Physiologicalaspects
The physological implications of amino acid
transport deficiency might be further assessed by
9 . 5 . 1 a GSH biosynthesis
Two interesting observations arising from the
present work were the unexpected occurrence of low - GSH
transport - positive horse erythrocytes and the finding that
transport - deficient cells from many animals have normal GSH
levels . One possible explanation for the first observation
is that a defect in one of the enzymes of GSH biosynthesis
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may result in lowered erythrocyte GSH concentrations. In
the second case , the opposite situation may occur , y whereby
increased activity of these enzymes may maintain GSH levels
even under conditions of perturbed amino acid transport
activity . It has recently been shown that GC - S activity in
sheep erythrocytes is under complex genetic control
involving at least three separate chromosomalloci ( Tucker ,
Kilgour , Crowley and Young , 1983 ) . Detailed investigation
of GC - S activites in horse erythrocytesmay help to resolve
some of these anomalies . The observed correlation between
GSH levels and amino acid transport activity within the
transport - negative grouping is also a key area for future
studies , as is the possible role of peptides in providing
GSH precursor amino acids ( King et al . 1983 . King and
Kuchel, 1984 ) .
9 . 5 . 1 b GSH levels and erythrocyteage
Amino acid transport - deficient sheep erythrocytes
exhibit a large decrease in GSH concentration with
increasingcell density ( cell age ) ( Young and Tucker , 1983 ) .
In contrast , sheep with low - GSH levels caused by GC - S
deficiency showed no detectable decrease in GSH
concentrationwith cell age . Therefore it is of importance
to investigate the relationship between GSH concentration
and cell age in transport - deficient horse erythrocytes. To
achieve this cells may be fractionated according to their
density on Percoll density gradients and G - 6 - PDH activity
assayed to test for the efficiency of separation ( Rennie ,
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Thompson, Parker and Maddy , 1979 see also Fincham , 1983 ,
Chapter4 ) .
9 . 5 . 1 c Life - span
Studies on the in vivo life - span of transport -
deficient and transport - positive horse erythrocytes would
be particularly informative as to the potential deleterious
effects of the transport lesion . Amino acid transport -
deficient sheep erythrocytes have a shortened potential
life - span , whereas sheep erythrocyteswith the GC - S lesion
have a normal life - span ( Tucker , 1974 , 1975 ) . Life - span
studies in horses might be sucessfully carried - out using
either 75 Se or 59 Fe . The former has the advantageof a
much longer half - life and has been used successfullyto
measure the life - span of horse erythrocytes( Carter , Valli ,
Mc Sherry , Milne , Robinsonand Lumsden, 1974 ) .
9 . 5 . 1 d Oxidativestress
Through in vitro toxicity studies , the effects of
various oxidant drugs may be tested on amino acid
transport - deficient and transport - positive horse
erythrocytes with low or high GSH concentrations. Also the
effects of tellurite or selenite might provide a useful and
simple screening test for identification of low - GSH animals
( Younget al . 1981 b ) .
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9 . 5 . 1 e Interorganamino acid transport
Experiments should be undertaken to investigate
the physiological significance of interorgan amino acid
transport by transport - positive and transport - deficient
erythrocytes in horses during rest and exercise .
9 . 5 . 2 Molecular and functional aspects
The presence or absence of amino acid transport
activity in horse erythrocytes provides a basis for
studying the molecular mechanisms of transport . It is
anticipated that significant advances will be made by
extending the intact cell studies described in the Thesis
by ;
9 . 5 . 2 a Reconstitutionstudies
Attempts should be made to reconstitute amino acid
transport activity from crude extracts of horse erythrocyte
membranes into liposomes using for example the freeze - thaw
sonication methodologyof Kasahara and Hinkle ( 1977 ) . This
technique has been successfully applied to studies of
erythrocyte glucose and nucleoside transport ( see eg . Tse ,
Belt , Jarvis , Paterson, Wu and Young , 1985 a ) . Transport-
deficient cell membranes would provide a control for the
specificity of reconstitution . This technique would permit
investigations into functional aspects of transport via the
high affinity system asc , as the internal environment of
the liposomes may be carefully controlled . This is not
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possible in intact cells , where intracellular amino acids
affect transport characteristics due to exchange reactions .
Similarly , the proposed regulatory role of - L - arginine on
the low affinity system asc 2 may be further investigated
using reconstituted extracts from cell membranes that
possess this system . By varying the lipid composition of
the liposomes , the effects of membrane environment upon
systems asc and as c , might be assessed . Successful
reconstitution of the asc systems would provide a
convenient assay for isolated transport proteins - a
necessary prerequisite for purification studies .
9 . 5 . 2 b Membranevesicles
Another technique to complement the reconstitution
studies would involve making inside - out and right - side - out
vesicles from horse erythrocyte membranes . Thus aspects of
transport function such as the mechanism of amino acid
exchange , effects of endogenous transport modulators and
susceptibility to thiol reactive reagents may be
investigated . This approach has been extremely successful
in studies of the chemical asymmetry of the human
erythrocyte nucleoside transporter ( Tse , Wu and Young ,
1985b ) .
9 . 5 . 2 c Photoaffinitylabelling
Using this technique , the glucose and nucleoside
transporters in human erythrocytes have been identified as
Band 4 . 5 polypeptides on sodium dodecyl sulphate
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polyacrylamidegels ( see Wu et al . 1983 for references) .
Furthermore , radiation inactivation target size estimations
suggest that these carriers exist as dimers in situ
( Jarvis et Al , 1985 ) . The target size of system asc
( Chapter 8 ) is not unlike those of the glucose and
nucleoside transporters . Certain amino acids are potential
candidates for photolysis experiments . The successful
attachment of a specific photoprobe to an amino acid
carrier would represent a major breakthrough in amino acid
transport research . In this regard it is notable that L -
tyrosine shows a significant difference in permeability
between transport - positive and transport - deficient horse
erythrocytes .
9 . 5 . 2 d Radiationinactivation
The availability of reliable methodology that is
widely applicable to most species red cells , provides an
opportunity for detailed study of membrane transport
systems using this technique . Further study of the
radiation target sizes of different erythrocyte amino acid
transporters versus other carrier systems may clarify
whether or not they are all Band 4 . 5 polypeptides. Of
particular importance to the present work is a comparison
of the target size of system asc 1 versus asp . , measuredin
the same cell ( ie . of genotypeasch , ascl ) . Also , the
target sizes of the Na - independentasc systems should be
compared with that of Na - dependent system ASC in the human
172
and / or pigeon erythrocyte.
9 . 5 . 2 e Regulationand control of amino acid transport
IT is interesting that reticulocytes have
different amino acid transport characteristics from mature
red cells . As detailed in Chapter 1 , amino acid transport
in reticulocytes is more rapid than in adult erythrocytes .
Furthermore , no detectable differences are apparent between
the reticulocytes of amino acid transport - positive and
transport - deficient sheep . These observations can be
attributed to the presence of transport components which
are lost during reticulocyte maturation . It will be of
interest to establish whether species show differences in
reticulocyte amino acid transport , and whether . widespread
but - selective changes in transport systems are the origin
of the species variations seen in mature cells . Studies of
reticulocyte maturation in culture may demonstrate whether
these changes in transport systems are under independent
control as well as provide information on the biochemical
mechanisms involved . Furthermore , the proposition that a
Na - dependent system may be transformedinto a Na -
independentsystem , as discussed in Chapters 4 and 5 , may
be tested directly using reticulocyte cultures .
Experiments by Weigensberg and Blostein ( 1983 ) ; Blostein
and Weigensberg( 1984 ) raise the possibility that ATP -
dependent proteolysis may be involved in the loss of Na -




The work described in this Thesis has advanced our
knowledge of amino acid transport across cell membranes.
Progress was made possible due to the presence of specific
genetically controlled transport and enzyme variants in
horse erythrocytes. Through a comparison of these mutants,
a new amino acid transport system has been described
( designated system asc 1). An attempt has been made to
rationalise the place of this system in the context of
other previously identified transporters, rather than
merely add it to the ever expanding list of defined amino
acid transport systems. Cells with the transport and
enzyme lesions hold considerable potential for future
biochemical and physiological studies and has potential
practical application for the horse racing industry. Amino
acid transport and arginase have been proposed to the
International Society for Animal Blood Groups Research as
two new blood- group markers in horses( Fincham et al.
1985 b). This area of research is important in
identification, progeny testing and tracing the history and
evolution of breeds( Jones, 1982). The occurrence of a
potentially deleterious trait( amino acid transport
deficiency) may predispose almost one third of
thoroughbreds to erythrocyte GSH deficiency. This has
direct relevance to equine veterinary haematology and human
medicine. Drug- induced haemolytic anaemia is a clinically
significant problem in both horses and man.
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The Appendix describes another form of control of
amino acid transport activity , also in erythrocytes . Thus
in fish red cells the regulation of amino acid transport
across the cell membrane plays a significant role in the




AND CELL - VOLUME REGULATION
IN FISH ERYTHROCYTES
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A . 1 INTRODUCTION
The major part of this Thesis has investigated a
genetically controlled amino acid transport polymorphism in
horse erythrocytes . However , one often overlooked role of
amino acid transport across the plasma membrane is that of
cell - volume regulation . The participationof non - essential
amino acids , particularlytaurine and gamma - amino - n - butyric
acid ( GABA ) , in cell - volume regulation has been documented
in a number of vertebrate species . For example ,
erythrocytes and other tissues from the European flounder
contain high intracellular levels of these amino acids ,
which decrease in response to hypo - osmotic stress ( Fugelli
and Zachariassen, 1976 Fugelli and Reiersen , 1978 ) .
Taurine has also been implicated in volume regulation of
Ehrlich ascites cells ( Hoffmann and Lambert , 1983 ) . The
ability of cells to regulate their volume in response to
changes in extracellular osmolarity is an important
homoeostatic mechanism , especially in euryhaline species .
This Appendix describes an investigation of volume -
sensitive taurine and GABA transport in erythrocytes of two
euryhaline fish species , the eel ( Anguilla japonica ) and
the starry flounder ( Platichthys stellatus ) . A brief
account of the work has already been published ( Fincham ,
Wolowykand Young , 1985 e ) .
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A . 2 RESULTS
A . 2 . 1 Transport under isotonic conditions
The experiments in this section were performed
using the standard incubationmedium of 150 mM - Na Cl or KC 1
at 20 ° C for eel erythrocytesand 10 ° C for flounder red
cells .
A . 2 . 1 a Amino acid levels
Amino acid analyses of eel and flounder
erythrocytes established that the free amino acid pool of
these cells consisted mainly of taurine ( approximately20 -
30 mmol / l . cell water ) . . However , high concentrations
( approximately10 mmol / l . cell water ) of GABA were also
found in flounder erythrocytes, but not eel red cells .
These values contrast markedly with measured plasma taurine
levels in both species in the region of 0 . 2 mM .
A . 2 . lb Time - course of amino acid uptake
The uptake of [ 14 C ] labelled taurine and GABA , at
an approximateplasma concentrationf 0 . 2 mM , by eel
erythrocyteswas measuredin Na Cl and KC 1 media ( Fig . A . 1 ) .
Uptake of both amino acids was Na - dependent( 74 and 98 % for
GABA and taurine , respectively ) with taurine influx the
most rapid . Taurine and GABA entry was linear with time
during the experimentalperiod of 60 min . Extension of the
incubation period to 8 h resulted in intracellular[ 14 C ]
taurine levels of 1 mmol / 1 . cells , representinga large net
Fig. A.2 Concentration-dependence of taurine
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Initisl rates of taurine uptake were
measured of 20°C in the presence(£) and absence
( O of Na+ under isotonic conditions.
Fig. A.3

















Initial rates of GABA uptake were
measured at 20°C in the presence(£) and absence
( Q) of Na+ under isotonic conditions.
Fig . A . 4 Concentration- dependence of taurine
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Fig. A.5 Concentration-dependence of GABA uptake
by flounder erythrocytes.
Initial rates of GABA uptake were
measured at 10°C in the presence(£) and absence
( Q) of Na+ under isotonic conditions.
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accumulation of tracer by the cells.
A.2.1c Concentration-dependence of amino acid uptake
To investigate the kinetics of Na-dependent amino
acid transport, the concentration-dependence (0.05-5mM) of
taurine and GABA uptake was measured in both eel (Figs. A.2
and 3, respectively) and flounder erythrocytes (Figs. A.4
and 5, respectively). Uptake was resolved into Na-
dependent and Na-independent components. Na-dependent
uptake was saturable. Kinetic constants estimated from
Hanes (1932) plots of uptake in NaCl corrected for uptake
in KC1 medium are shown in Table A.1. Taurine was found to
have a lower apparent K value than GABA in both eel and
flounder erythrocytes. Sodium-independent taurine and GABA
uptake was non-saturable 4.6 and 18.3 pmol/l. cells per h,
respectively in eel erythrocytes and 32.9 and 23.3 1imol/l.
cells per h, respectively in flounder red cells at 1mM
extracellular amino acid.
A.2.ld Kinetics of Na-dependence
To explore Na-dependent amino acid transport by
fish erythrocytes in more detail, the initial rate of
taurine uptake by eel red cells was measured at an
approximate Km concentration of 0.05mM, as a function of
extracellular Na+ concentration (Fig. A.6). A sigmoid
relationship was observed. Hill-type analysis of the data
(Fig. A.7) revealed a Na+: taurine coupling ratio of
TABLE A. 1 Kinetic constants for taurine and GABA
transport in fish erythrocytes
















Kinetic parameters for the Na-dependent component of
transport were calculated from Figs. A.2 and 3 at 20 C for
eel (Anquilla iaponica) and Figs. A.4 and 5 at 10°C for
starry flounder (Platichthvs stellatus) erythrocytes.
Units are apparent K, |iM and Jimoll. cells per h.
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The initial rate of taurine influx
(0.05mM, 20°C) was measured as a function of the
concentration of Na+ in the medium. Isotonicity of
the medium was maintained by balancing with KC1.
Fig. A.7
Hill-type plot of Na-dependence of
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The order of Na+: taurine interaction
and the Na+ concentration reducing the flux by 50%
was estimated from the slope of the line and
extrapolation from the ordinate to the abcissa,
respectively (see text). Data is re-plotted from
Fig. A.6.
TABLE A.2 Cation/anion-dependence of
taurine transport in eel
erythrocytes
Medium





The taurine concentration was 0.2mM, 20°C.
3.75
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1. 94: 1, with a K 50 value of 85 mM Na+.
A. 2. 1 e Chloride- dependence of amino acid uptake
Taurine uptake by eel erythrocytes( 0. 2 mM
extracellular concentration) was also found to be highly
Cl- dependent when methyl sulphate( Me SO- 4) was substituted
for C 1. Thus, from Table A. 2, uptake in KC 1 and KMe SO- 4
represented approximately 4% of the total uptake. Uptake
in Na Me SO- 4 medium was two- fold higher, accounting for 8% of
the total uptake in Na Cl medium.
A. 2. 2 Transport under hypotonic conditions
This section investigates amino acid uptake by
fish erythrocytes in incubation media of. varying
osmolarity. Solutions of low osmolarity were produced by
dilution of standard Na Cl or KC 1 media( section A. 2. 1) with
distilled waster
A. 2. 2 a Effects of osmolarity of the incubation medium on
amino acid uptake
Eel and flounder erythrocytes stressed by exposure
to hypo- osmotic media( Figs. A. 8 and A. 9, respectively)
exhibited large changes in taurine permeability( 0. 2 mM).
For example, in eel cells( Fig. A. 8), a 25% dilution of the
extracellular medium led to a 13- fold stamulation of Na-
independent taurine uptake and a 2. 2- fold decrease in Na-
dependent taurine transport activity. Under the same
conditions, Na- independent taurine uptake by flounder
Fig . A . 8 Effect of medium osaolarity on taurine
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Fig . A . 9 Effect of medium osaolarity on taurine
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TABLE A . 3 Effects of medium osmolarity and ionic concentrationon taurine uptake by eel
erythrocytes
A . Reversability150 mM 112 . 5 mM 75 mM 112 . 5 / R / 150 mM 75 / R / l 5 Om M
Uptake in Na Cl 75 . 57 154 . 94 127 . 51 78 . 78 81 . 55
Uptake in KC 1 1 . 73 19 . 91 123 . 04 1 . 65 2 . 45
B . Osmolarity of medium 112 . 5 mM 75 mM
Uptake in Na C 1 / sucrose 51 . 60 29 . 10
Uptake in KC 1 / sucrose 1 . 74 1 . 54
C . Ionic concentration112 . 5 / 37 . 5 mM 75 / 75 mM
Uptake in Na C 1 / KC 1 . 53 . 14 32 . 21
Initial rates of taurine uptake ( umol / l . cells per h ) were measuredat 0 . 2 mM , 200 C . A .
Uptake measuredin different concentrationsof Na Cl and KC 1 media . 112 . 5 / R and 75 / R
refers to cells incubatedfor 1 h in media containing112 . 5 and 75 mM Na Cl or KC 1 ,
respectively, followed by washing back ( R / 150 ) into standard isotonic 150 mM medium , in
which uptake was measured . B . Uptake measured in hypotonic Na Cl and KC 1 media made iso -
osmotic by addition of the appropriate concentrationof sucrose to the medium . C . Uptake
measured in isotonic media of different Na + concentration.
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erythrocytes( Fig . A . 9 ) increasedby 29 - fold , with a 2 . 5 -
fold reduction in Na - dependent transport activity .
Control experiments( Table A . 3 ) with eel
erythrocytes ' established that the change in Na - independent
taurine permeability was fully reversible and triggered by
the altered osmolarity of the medium , rather than by the
decrease in ionic concentration. The loss of Na - dependent
taurine transport activity observed under hypo - osmotic
conditions was also reversible , and only partly due to the
decrease in extracellularNa + and C 1 - concentration.
A . 2 . 2 b Concentration- dependenceof amino acid uptake
To investigate the increased Na - independent
component of transport in more detail , subsequent
experimentswere performed in the absence of Na + .
Thus , in Fig . A . 10 the initial rate of taurine
uptake by eel erythrocytes was measured as a function of
extracellulartaurine concentrationn 150 , 112 . 5 and 75 mM -
KC 1 media . The high taurine concentrationsu ed in the
experiment made a significant contribution to the
osmolarity of the medium . Therefore allowance was made for
this by making appropriate adjustments to the KC 1
composition of the incubation medium . The Na - independent
component of taurine influx under hypo - osmotic conditions
exhibited a linear concentration - dependence over the range
2 . 5 - 50 mM extracellularamino acid . Uptake was very slow in
isotonic medium ( 0 . 38 mmol / l . cells per h at 50 mM
Fig . A . 10 Concentration- dependenceof Na -
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Initial rates of taurine influx were
measured at 20 ° C in media of different osmolarity in
the absenceof Na + . Left - hand axis uptake in 75 mM -
KC 1 ( ( □ ) . Right - hand axis uptakein 112 . 5 ( △ )
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Fig . A . 11 Substrate specificity of Na - independent
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Initial rates of amino acid uptake
( 0 . 2 mM , 20 ° C ) were determinedin media containing
75 mM - KC 1 ( open columns) and 112 . 5 mM - KC 1 ( hatched
columns ) . Data is presented as the difference in
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Fig . A . 12 Substrate specificity of Na - independent
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extraceilular taurine ) . However , large increases in
permeabilitywere observed in 112 . 5 and 75 mM hypotonic
media( 4 . 69 and 79 . 2 mmol / 1 . cells per h at - 50 mM taurine,
respectively) .
A . 2 . 2 c Substratespecificityof wino acid uptake
To test whether these large Na - independent fluxes
in low osmolarity media were selective for particular amino
acids , the uptake of a series of [ 14 C ] labelled amino acids
by eel ( Fig . A . 11 ) and flounder( Fig . A . 12 ) erythrocytes
was measuredin 150 , 112 . 5 and 75 mM - KC 1 media . Hypo -
osmotic conditions significantly increased the permeability
of both species erythrocytesto glycine , GABA and L - and D -
alanine as well as taurine . In contrast , no significant
changes in permeabilitywere observed for L - leucine , L -
glutamateand L - lysine .
A . 3 DISCUSSION
The accumulation of high concentrations of taurine
and GABA from plasma by fish erythrocytes is presumably
mediated by the Na + and Cl - dependent uptake mechanismin
the cell membrane . With respect to the anion requirement,
taurine uptake by fish red cells resembles that of system
Gly in the pigeon ( Vidaver , 1964 c ) and human ( Ellory et al .
1981 a ) erythrocyte, as well as the guinea pig reticulocyte
( Finchamet al . 1984 ) . The Na + : glycine couplingratio for
system Gly in pigeon and human erythrocytes has been found
to be 2 : 1 ( Vidaver , 1964 a Rosenberg, 1982 ) . In this
respect it is interesting that taurine - sensitive beta -
alanine transport by pigeon erythrocytesalso has a 2 : 1
Na + : amino acid coupling ratio ( Wheeler and Christensen
1967 Eavensan and Christensen , 1967 ) . The present results
suggest that a similar coupling ratio operates for the Na -
dependent amino acid transport system in fish erythrocytes .
The activity of this transporter is decreased by reduced
Na + and Cl concentrationsand by a reduction in medium
osmolarity .
A major advance provided by the present work is
the discovery of a second , previously undescribed Na -
independent amino acid transport route in eel and flounder
erythrocytes . The route is selective , with a specificity
directed towards small neutral amino acids ( eq . glycine ,
taurine , GABA ) with apparently no special recognition
propertiesfor either L - or D - isomers ( cf . alanine ) . The
transport system or channel discriminates against size
( leucine ) and charge ( glutamateand lysine ) . This route is
responsive to changes in cell volume , activity being
stimulated by a reduction in osmolarity . The threshold for
the response differs between the eel and the flounder , the
latter apparently more sensitive to changes in the
osmolarity of the extracellular medium .
The biochemical mechanisms by which cellular amino
acid levels are regulated in response to changes in
extracellular osmolarity are poorly understood .
Possibilities include cell surface expansion and / or the
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involvementof a secondary messenger . For example , Ca 2 +
has been implicated in KC 1 and also taurine efflux from
Ehrlich ascites cells ( Hoffmann , Simonsen and Lambert ,
1984 Lambert , 1984 ) . In conclusion, it is envisaged that
intracellular taurine and GABA levels are regulated by
reciprocal volume - control of Na - dependent amino acid uptake
by the cell and Na - independentefflux . Control of taurine
and GABA permeability presumably contributes towards the
homoeostatic regulation of intracellular osmolarity .
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